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High-temperature electrochemical devices including solid oxide fuel cells (SOFC) have
been recognized as promising candidates for next-generation devices for energy conversion,
storage, and gas separation. These devices, however, remain susceptible to the electrocatalytic
poisoning of air-electrodes from trace airborne contaminants such as Cr/Si/B vapors, SO2, CO2,
and water species. The long-term exposure of air-electrodes to air flow at high operating
temperatures leads to the accumulation of airborne gas impurities, and the formation of undesired
compounds, degrading the electrochemical catalytic activity of air-electrodes. To date, most efforts
to mitigate the electrode poisoning have focused on developing low-temperature/impurity-tolerant
electrodes, and oxidation-resistant alloys. However, such methods possess their own drawbacks
owing to thermal expansion discrepancy and chemical incompatibility between adjacent materials.
In developing a comprehensive strategy to prevent the electrode poisoning, it is of interest
to elucidate how the gaseous contaminants interact with the electrodes under electrochemical
operating conditions. Here, the adverse effects of Cr/S contaminants on established air-electrodes
have been investigated by electrochemical/post-test characterizations. Chromium poisoning is
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mainly attributed to electrochemical reduction of Cr vapors at catalytic active sites while sulfur
poisoning is primarily due to the strong chemical affinity of alkaline-earth elements with SO2. It
is found that Cr/S poisoning behaviors vary with electrode, temperature, Cr/S concentrations,
and polarization conditions.
As a novel approach to mitigate the electrode poisoning, absorbent materials (or getters),
which capture airborne impurities, have been developed. The use of getters offers a cost-effective
pathway for alleviating electrode contamination without the need to replace the established
component materials. Considering the thermodynamics of related solid-gas reactions, the
combination of alkaline-earth and transition-metal oxides such as Sr–Ni–O and Sr–Mn–O systems
have been selected as Cr and S co-absorbent materials. Their efficacy for capturing Cr/S species
was validated by electrochemical tests. Post-test characterization of the getter observed the
elongation of absorbent particles (forming SrSO4 and SrCrO4) during the Cr/S impurity absorption,
indicating the high mutual affinity of alkaline-earth-metals and Cr/S species. The Sr–Mn–O system
showed high thermal and hydrolytic stability whereas Sr–Ni–O system suffered from hydrolytic
reactions accompanied by Sr-segregation and phase transformation.
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CHAPTER 1: INTRODUCTION

1.1. Background
The gradual depletion of coal resources and increasing severity of environmental issues,
such as global warming, have brought great attention to the development of efficient, sustainable,
and environmentally friendly energy systems. Fuel cells are electrochemical devices that convert
chemical fuels to electrical energy with a small energy loss and low emission of greenhouse gases.
Their energy conversion efficiency ranges from 40 to 60%, which is much higher than that of the
automobile combustion engine (approximately 25%). Amongst the devices, solid oxide fuel cells
(SOFCs) operating at high temperatures can provide higher efficiency (approaching 90%) without
being limited by the Carnot cycle in combined heat and power (CHP) systems (see Table 1.1). The
device has scalability, ranging from kilowatts to megawatts depending upon the stack design, and
fuel flexibility ranging from hydrogen and ammonia to hydrocarbon fuels, thereby allowing for
diverse applications, including in transportation.
Despite the numerous merits, the commercialization and widespread use of SOFCs have
been delayed due to some remaining issues. One of the biggest challenges is the long-term
degradation of air-electrodes (Table 1.1). During SOFC operation, the cathode, or air-electrode, is
exposed to air flow for oxygen ion transfer. The supplied air, however, contains intrinsic and
extrinsic gaseous impurities, such as Cr vapors from metallic components, SO2 and CO2 present
in air, B and Si vapors from glass sealant, and water molecules. At high temperatures (600−900 °C),
these impurities can deposit and react with the air-electrode materials, resulting in irreversible
chemical and structural changes and electrochemical performance degradation.
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Prior efforts to mitigate electrode poisoning by gaseous contaminants focused on
developing impurity-tolerant cathode materials, cathode surface modification, oxidation-resistant
alloys, surface coating of metallic components, and low-boron glass-ceramic sealants. However,
owing to the thermal expansion discrepancy and chemical incompatibility between adjacent
materials, such approaches still have issues under high-temperature operating conditions. For
instance, the coating layer on metallic components experiences interdiffusion, crack propagation,
and spallation, eventually impeding its long-term efficacy. Since a trace amount of Cr
accumulation can lead to drastic performance degradation, the mitigation method requires longterm reliability.
The use of getters, which capture incoming gaseous contaminants, is another alternative
strategy that is simple and cost effective without the need to replace established component
materials. Alkaline earth and transition metal oxides have been the materials of choice for the
capture of gaseous Cr, S, and B contaminants because of their high mutual affinity. The getter
materials for high-temperature electrochemical systems also require exceptional stability and
reliability as well as gettering capability. Therefore, the ideal getter materials should have the best
compromise between reactivity with contaminants and stability at high temperatures.
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Table 1.1 Comparison of Fuel Cell Technologies [1].
Fuel Cell
Type

Alkaline
Fuel Cell
(AFC)

Operating
Temperature

<100 °C

Stack Size

Electrical
Efficiency
(LHV)

<1−100 kW

60%

- Military
- Space
- Backup power
- Transportation

- Backup power
- Portable power
- Distributed
generation
- Transportation
- Specialty
vehicles

Polymer
Electrolyte
Membrane
Fuel Cell
(PEMFC)

<120 °C

<1–100 kW

60% (with
direct H2)
40% (with
reformed
fuel)

Phosphoric
Acid Fuel
Cell (PAFC)

150−200 °C

5−400 kW

40%

Molten
Carbonate
Fuel Cell
(MCFC)

Solid Oxide
Fuel Cell
(SOFC)

600−700 °C

500−1000 °C

Applications

300 kW − 3 MW

1 kW – 2 MW

50%

60%

- Distributed
generation

- Electric utility
- Distributed
generation

- Auxiliary power
- Electric utility
- Distributed
generation
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Advantages

- Wider range of stable
materials allows lower
cost components
- Low temperature
- Quick start-up
- Solid electrolyte
reduces corrosion &
electrolyte
management problems
- Low temperature
- Quick start-up and
load following
- Suitable for CHP
- Increased tolerance to
fuel impurities
- High efficiency
- Fuel flexibility
- Suitable for CHP
- Hybrid/gas turbine
cycle

- High efficiency
- Fuel flexibility
- Solid electrolyte
- Suitable for CHP
- Hybrid/gas turbine
cycle

Challenges
- Sensitive to CO2 in
fuel and air
- Electrolyte
management
(aqueous)
- Electrolyte
conductivity
(polymer)

- Expensive catalysts
- Sensitive to fuel
impurities

- Expensive catalysts
- Long start-up time
- Sulfur sensitivity
- High-temperature
corrosion and
breakdown of cell
components
- Long start-up time
- Low power density
- High-temperature
corrosion and
breakdown of cell
components
[Focus of this work]
- Long start-up time
- Limited number of
shutdowns

1.2. Outline of the Thesis
The purpose of my Ph.D. study is to understand the fundamental mechanism of airelectrode poisoning by airborne contaminants and to develop the getter materials for capturing the
contaminants. The specific objectives are outlined below:
-

Understand the Cr poisoning mechanism in lanthanum strontium manganite (LSM)
cathodes under cathodic polarization conditions at the nanoscale using STEM (Chapter 3)

-

Understand S poisoning and recovery in LSM and lanthanum strontium cobalt ferrite
(LSCF) cathodes under cathodic polarization conditions (Chapter 4)

-

Understand the combined Cr and S poisoning behaviors in LSM and LSCF cathodes under
cathodic polarization conditions at the nanoscale using STEM (Chapter 5)

-

Develop alkaline-earth-metal-based getter materials for capturing Cr vapors (Chapter 6)

-

Evaluate the thermal and hydrolytic stability of alkaline-earth-metal-based getter materials
(Chapter 7)

-

Understand the water-mediated growth mechanism of oriented single-crystalline alkaline
earth metal carbonate from alkaline earth metal compounds (Chapter 8)

-

Develop robust getter materials for capturing Cr and S contaminants, and understand the
impurity absorption mechanism of the resulting getter at the nanoscale using STEM and
XPS (Chapter 9)
This thesis consists of ten chapters. Chapter 1 introduces the project background and

objectives. Chapter 2 presents the literature review of various types of air-electrode contaminants
and their mitigation strategies. Chapters 3−9 describe the main results of the thesis study, which
have been published or submitted to journals for publication. Chapter 10 provides the conclusions
and outlook for future work.
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CHAPTER 2: LITERATURE REVIEW

2.1. Solid Oxide Fuel Cell
2.1.1. Basic Structure and Operating Principle
The basic concept of SOFC operation is simple. Figure 1 shows a schematic diagram
of the conventional electrolyte-supported SOFC. A single SOFC consists of a porous anode
and cathode separated by a dense ion-conducting electrolyte. For SOFC operation, a fuel,
such as hydrocarbons (e.g., methane and propane) or hydrogen, is fed into the anode where
it reacts with the oxygen ions that emerge from the electrolyte to form H2O (for hydrogen
fuels) or CO2 (for hydrocarbon fuels). The oxidation reactions are accompanied by the
liberation of electrons, which then flow to the cathode side through the external circuit. The
reaction mechanism differs by fuel type:
H2 anode + O2- electrolyte → H2O anode + 2e- anode
CO anode + O2- electrolyte → CO2 anode + 2e- anode
CH4 anode + 4O2- electrolyte → 2H2O anode + CO2 anode + 8e- anode
Meanwhile, air is supplied to the cathode where oxygen is reduced to oxygen ions by
accepting electrons from the electrode:
O2 cathode + 4e- cathode → 2O2- electrolyte
The resulting oxygen ions diffuse into the anode side through the electrolyte by oxygen
vacancy hopping [2,3]. The oxide-ion transfer within the electrolyte is induced by the
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difference in the chemical potential between the cathode (high pO2) and the anode (low
pO2), as estimated by the Nernst equation [Eq. (1)]:
𝑂𝐶𝑉 or 𝑈𝑁 =

𝑅𝑇
4𝐹

ln

𝑝O2 cathode
𝑝O2 anode

(1),

where UN is the Nernst voltage (or open circuit voltage, OCV), R is the gas constant, T is
the absolute temperature, F is Faraday’s constant, and pO2 is the oxygen partial pressure
[4]. The ionic current flow is balanced by the electron flow through the external circuit,
thereby generating electricity. Since the electrolyte materials [typically yttria-stabilized
zirconia (YSZ) and gadolinia-doped ceria (GDC)] generate oxygen vacancies in the crystal
lattice at high temperatures [3], the oxygen ion conductivity of the electrolyte increases
with increasing temperature. For this reason, the operating temperatures for SOFCs are
usually very high (500–1000 °C).

Figure 2.1. Schematic of the conventional electrolyte-supported SOFC structure.
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2.1.2. Component Materials
Electrolyte
The electrolyte in SOFCs has two major functions. First, it transports oxygen ions; thus, it
must have superior ionic conductivity at operating temperatures. It must also be electrically
insulative to avoid an internal short circuit; otherwise, electrical current flowing through the
electrolyte causes energy loss as heat. Second, it separates the anode and cathode sides to prevent
reaction between the fuel and oxygen. A number of oxide materials with various structures have
been considered as oxygen-ion conducting electrolytes: Zr1-xYxO2 (YSZ; fluorite), Ce1-xGdxO2
(CGO or GDC; fluorite) [5], Bi4V2-xCuxO11-δ (BiCuVOx; aurivillius-type) [6], La2-xYxMo2O9 and
La1.8Dy0.2Mo2O9 (LAMOX-types) [7,8], La1-xSrxGayMg1-yO3-δ (LSGM; perovskite), and α-Bi2O3
and Bi2-xErxO3 (fluorite-types) [9]. The ionic conductivity of the state-of-the-art electrolyte
materials over temperature is displayed in Figure 2.2. All conductivities increase at elevated
temperatures, indicating the increase in oxygen vacancy sites through which oxygen ion transfer
occurs (based on the hopping mechanism [2,3]).
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Figure 2.2. The oxygen ion conductivity of the most important state-of-the-art SOFC electrolyte
materials. The horizontal dotted line shows the limit of conductivity necessary to construct devices
with an electrolyte thickness of 15 μm or less. Abbreviations: Ce1−xGdxO2−x/2 (CGO); La2Mo2O9
(LAMOX); La0.8Sr0.2Ga0.8Mg0.2O2.8 (LSGM); yttria-stabilized zirconia (YSZ). Ref. [9,10].

Among the oxide materials, fluorite-types (AO2), such as YSZ and GDC, are the most
recognized for their compatibility with other materials. The doping of low-valence cations in the
fluorite can not only stabilize the structure but also yield oxygen vacancy. For instance, pure
zirconia (ZrO2) has the monoclinic fluorite structure at room temperature because the size of Zr4+
(r = 0.86 Å) is smaller than that of O2- (r = 1.26 Å). With increasing temperature, the structure
changes from monoclinic to tetragonal and cubic structures (Figure 2.3). However, this
polymorphism is accompanied by a large volume change and crack formation, which limits its
application. In this context, the introduction of yttria (Y2O3), via substitution of Zr4+ by Y3+, gives
two advantages. First, the large size of Y3+ (r = 1.04 Å) allows zirconia to sustain the symmetrical
(cubic) fluorite structure at low temperatures, as can be seen in the phase diagram (Figure 2.3).
Second, the substitution of the lower-valence cation (Y3+ for Zr4+) increases oxygen vacancy
concentration to maintain the charge neutrality, in Kröger–Vink notation:
𝑍𝑟2 𝑂3

Y2O3 →

2YZr′ + 3Oxo + VO••

In this way, the oxygen vacancy concentration increases when the yttria content, as well as
temperature, increases. The oxygen ion conductivity (σ) can be calculated by Eq. (2):
𝐴

−𝐸

σ = nqμ = 𝑇 [VO•• ][1 − VO•• ]exp ( 𝑅𝑇 ) (2),
where n is the number of carriers, q is the charge, μ is the thermally activated mobility, A is a preexponential constant, T is the absolute temperature, [VO••] is the fraction of vacancy, [1–VO••] is
the fraction of occupied oxygen sites, E is the activation energy, and R is the gas constant [11].
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From the equation, the yttria doping effect on the ionic conductivity improvement can be explained.
However, the experimental results, as shown in Figure 2.4, show that this equation only applies to
the YSZ with low yttria content (or oxygen vacancy). This is because at high concentrations of
yttria the first and second electron coordination shells of the Y3+ dopant interact with the oxygen
vacancies, leading to a decrease in the conductivity [11].

Figure 2.3. Phase diagram of yttria-stabilized zirconia as a function of yttria content. Ref. [12].
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Figure 2.4. Oxygen ion conductivities (σ) of YSZ at different temperatures (700, 800, 1000, and
1200 oC) as a function of oxygen vacancy concentration (x). Ref. [13].

The doping of scandia (Sc2O3) into zirconia plays a similar role in oxygen ion conductivity.
The introduction of Sc (Sc3+) among other zirconia dopants provides higher ionic conductivity
than YSZ. Thus, scandia-stabilized zirconia (ScSZ) has been regarded as an advanced type of
electrolyte for SOFCs. Further study of the development of SOFC electrolytes has focused on
nanostructural modification, such as bilayer electrolytes (e.g., YSZ/GDC [14]) and vertical
nanocolumns electrolytes (e.g., SDC-STO [15]).
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Anode
Fuel electrodes, or anodes, are the sites for the electrochemical oxidation of fuels, for which
high electronic and ionic conductivities are required. Ni has been used as an anode material
because of its catalytic effect for fuel oxidation. The oxidation of fuels takes place in the vicinity
of the triple phase boundaries (TPBs; Ni/YSZ/vapor), following the hydrogen spillover mechanism
[16], by which the H2 dissociation reaction with O2- occurs on the surface to form H2O:
H2 (g) + Oox electrolyte → H2O (g) + 2e- anode + VO•• electrolyte.
For increasing the catalytic areas and reducing the resistance, the size of the anode particles
should be small. However, the fabrication and maintenance of nanostructured Ni anodes are
challenging due to metal agglomeration at high temperatures. In order to mitigate the
agglomeration and to improve the catalytic efficiency, Ni-YSZ composites (cermet) have been
used. However, some problems still remain to be resolved. Many kinds of fuels, including
hydrocarbons and syngas as well as hydrogen, can be potentially utilized in high-temperature
SOFCs. Unfortunately, when using natural gas as the fuel with the cermet under redox (reduction
and oxidation) cycling conditions, existing C and S species (e.g., CO, CxHy, and H2S) tend to
deposit on the Ni particles and deactivate the catalytic activity by the following reactions for coke
formation:

2CO (g) → C (s) + CO2 (g)
CxHy (g) → xC (s) + y/2H2 (g)
CO (g) + H2 (g) → C (s) + H2O (g);
and the following reaction for sulfur deposition:
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Ni + H2S → NiS + H2 (g).
The C deposited onto and dissolved into the metal (Ni) covers the catalytically active sites and
leads to volume expansion of the electrode, causing structural deformation and degradation in the
long term, as described in Figure 2.5. At low temperatures, the coking from CO/CO2 is known to
be thermodynamically favorable, although the reaction kinetics is slow. As for the S poisoning,
the sulfidation of Ni is less favorable at high temperatures, but its reaction kinetics becomes faster,
as displayed in Figure 2.6. The adsorbed S and NixSy phases hinder the catalytic activity of the
electrode in multiple ways, such as physical blockage, electronic modification of neighboring
metal atoms, and hindrance of product/reactant diffusions (Figure 2.6a).

Figure 2.5. (a–d) Different types of carbon deposition on anodes/electrolytes: (a) carbon layers
chemisorbed on metallic anode particles, (b) encapsulation of metallic anode particles with carbon
deposits, (c) growth of carbon nanofilaments that push off metal particles on the support, (d) pore
blockage by carbon deposits. Ref. [17–21]. (e) Phase diagram for carbon deposition in C–H–O
system. Ref. [22].
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Figure 2.6. (a) Simplified representation of the multifold poisoning effect by sulfur chemisorption
(M represents an active metal, A and B reactant molecules, and C the reaction product. Ref. [17].
(b) Calculated S–Ni phase diagram. The white, blue, and yellow regions represent phases of the
clean Ni surface, the adsorbed S atoms on Ni surface, and the Ni3S2 bulk phase, respectively. The
black symbols are related to the experimental result of chemisorbed sulfur with different ‘‘area
coverage’’ (the number adjacent to each set of data points represents the value for θ). The red dots
are related to the sulfur tolerance experiments. Ref. [23]. (c) Chemisorption equilibria plotted in
the chemical potential diagram for the Ni−S−H system, log[p(H2S)/p(H2)] vs 1/T plot. Dotted and
dashed lines for θs = 0.6 and 0.8, respectively, are isocoverage lines by calculation. Ref. [24].
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In addition to the C and S poisoning, the cermet anode shows high polarization resistance
for fuel oxidation at low temperatures (below 600 oC) compared with the cathodes for the oxygen
reduction reaction. For these reasons, C- and S-tolerant materials with superior ionic and electronic
conductivities have been developed. Instead of YSZ, other electrolyte materials, such as GDC [25]
and ScSZ, have been used with Ni as composites. Advanced fabrication methods for hierarchically
porous structures, which are deemed catalytically active and stable under cyclic redox conditions,
such as free-drying tape casting and infiltration, have been developed. Perovskite-type mixed
ionic and electronic conductors (MIEC) have also been considered as an alternative material.
Ni-free cation-deficient layered-perovskites, such as (PrBa)0.95(Fe0.9Mo0.1)2O5+δ (PBFM) [26] and
La0.25Sr0.75Cr0.5Mn0.5O3-δ (LSCM) [27], are two such examples.

Cathode
The cathode of SOFCs is an active component for the reduction of oxygen gas to
oxygen ions, known as oxygen reduction reaction (ORR):
O2 (g) + 4e- + 2VO•• → 2OOx
Although the overall reaction appears simple, the reaction proceeds via a complex series of steps.
The ORR mechanisms are a little different depending on the materials. Figure 2.7a exhibits three
types of cathodes with different ORR pathways: Mechanism I – an electronic conductor
(EC), such as LSM, where the catalytic active sites are limited to the triple phase boundary
(TPB, or 3PB; electrolyte/electrode/air); Mechanism II – an EC/MIEC conductor, such as
LSM after activation, where the path of oxygen transfer extends from the 3PB to the two
phase boundary (2PB; buried electrode/electrolyte boundary) by oxygen vacancy exchange;
and Mechanism III – a MIEC, such as LSCF, where the oxygen transport occurs through
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the 2PB as well as the TPB. Figure 2.7b shows the simplified model for oxygen ion
transport associated with the ORR on cathodes. The ORR process includes oxygen
adsorption, dissociation, diffusion, and incorporation on the surface (S1−4) and in the bulk
(B3−4) as follows:
½ O2 + S surface adsorption site → Oad (S1: Dissociation of adsorbed oxygen gas),
Oad + e- → O-ad (S2: Oxygen intermediate (O-) formation, 1st charge-transfer),
O-ad → O-TPB (S3: Surface diffusion towards 3PB),
O- TPB + e- + VO•• YSZ → Oox (S4: 3PB incorporation of O-, 2nd charge-transfer),
O- ad + e- + VO•• MIEC → Oox MIEC (B3: Reaction of MIEC oxygen vacancy with O-),
Oox MIEC + VO•• YSZ → Oox YSZ + VO•• MIEC + S surface adsorption site
(B4: 2PB O2- exchange between YSZ and MIEC),
where EC proceeds along the steps S1→S2→S3→S4, and MIEC proceeds along the steps

S1→S2→S3/B3→S4/B4. The length of an active reaction zone for MIEC is a few microns.
As described above, the oxygen vacancy plays a key role in the ORR and oxygen ion
transfer, thus affecting the ORR kinetics and cathode performance. In order to produce
oxygen vacancy sites, substitutional dopants are often added. In the case of LaMO 3
perovskite (M = Cr, Mn, Fe, or Co), late transition metal elements (Groups 8−11) are
introduced into the B-site to decrease the oxygen vacancy formation energy, thereby
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facilitating oxygen ion exchange and bulk diffusion. This concept can also explain the
doping effect of Co, Ni, and Cu [28].

Figure 2.7. (a) Three mechanisms for oxygen reduction on SOFC cathodes. (b) Schematic
description of bi-pathway dominated oxygen reduction on EC/MIEC cathode (in the case of
Mechanism II), where the length (lc) of an active reaction zone is a few microns. Ref. [29].

Generally, for high-temperature SOFCs (over 800 oC), the polarization resistance for
oxygen reduction in the cathodes is much higher than that for fuel oxidation in the anodes. Thus,
the research in SOFCs has been more focused on cathodes than electrolytes and anodes. Since
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SOFCs operate under harsh conditions for the cathode materials, several requirements should be
met:
(1) High electrochemical performance for the ORR (electronic conductivity greater than 100
S cm-1 [30] and polarization resistance less than 0.15 Ω cm2 [31])
(2) Thermomechanical compatibility (similarity in thermal expansion coefficients (TECs, or
CTEs) of cathode and electrolyte materials) to prevent any delamination during heating
and cooling
(3) High-temperature stability to minimize the long-term degradation of the ORR activity due
to structural changes, such as phase transition, segregation, and insulating layer formation
(4) Chemical compatibility with the electrolyte materials (without secondary phase formation
by interfacial reaction, which increases the polarization resistance for charge transfer)
(5) Sufficient porosity for rapid diffusion of oxygen gas into the electrode.
Unfortunately, there are not many materials that satisfy all the above requirements. Perovskitetype materials, such as (La,Sr)MnO3 (LSM), (La,Sr)FeO3 (LSF), and (La,Sr)CoO3 (LSC), have
been recognized as potential candidates for SOFC cathodes. Among them, La0.8Sr0.2MnO3 (LSM)
has been widely applied as the state-of-the-art cathode material in high-temperature SOFCs. Its
electrochemical performance is still not sufficiently high since the catalytic activity for the ORR
is confined to the TPBs.
Using electrode-electrolyte mixed composites (e.g., LSM-YSZ and LSM-GDC) instead of
a single electrode can reduce the polarization resistance for the ORR of air-electrodes by increasing
the number of the catalytic active sites. This can also improve the material stability, if compatible,
by maximizing the adhesion and minimizing the CTE discrepancy between the cathode and
electrolyte materials. However, we need to consider the chemical compatibility in using the
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electrode-electrolyte mixed composites; if they react with each other, the original structure may
change, thus degrading the performance.
By replacing the A- and B-sites of an ABO3 perovskite oxide with lower-valence cations,
the intrinsic oxygen vacancy concentration and electronic structure can be tailored. However, it is
challenging to satisfy high-temperature stability and chemical compatibility while improving the
electrochemical properties. For instance, cation doping and optimization led to the development
of La0.6Sr0.4Co0.2Fe0.8O3 (LSCF), which is a representative cathode material with MIEC properties
available at intermediate temperatures. However, its A-site cation (Sr) is prone to segregation and
reaction with the electrolyte at high temperatures [32], leading to long-term degradation.
Another issue to be considered is airborne contaminants. The air flowing over the cathode
inevitably contains intrinsic and extrinsic gas contaminants, such as Cr vapors, SO2, CO2, and
water vapor. Although their concentrations are very low (at ppm and ppb levels), the long-term
exposure of the electrode to the gaseous impurities during the SOFC operation leads to
contaminant accumulation and undesired compound formation, thereby degrading the
electrochemical performance. In order to mitigate and avoid cathode poisoning by the gaseous
impurities, contaminant-tolerant electrode materials have been extensively developed. A detailed
discussion of the airborne contaminant and various mitigation strategies will be given in sections
2.2 and 2.3.

2.1.3. Applications
A number of attractive features of SOFCs, such as high energy-conversion efficiency, fuel
versatility, noise-free operation, and eco-friendly energy generation (Table 1.1), make them
promising candidates to replace conventional combustion technologies for power generation. Also,
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multiple cells can be readily connected by stacking the cell modules, providing the desired power
outputs. This modular approach offers scalability ranging from a few hundred watts to megawatts,
depending upon the design and purpose. This enables a wide range of applications from small
devices for portable electronics to medium power systems for homes and transportation to large
stationary power-generating units for plants (see Figure 2.8a). The commercialization of SOFCs
began to succeed just a few years ago. A portable SOFC battery charger (198 g), for which microelectro-mechanical system (MEMS) processing techniques were applied on the Si slab, was
developed in 2013 by Lilliputian Systems, an MIT spinoff company (see Figure 2.8b) [33]. Butane
was used as the fuel for high energy density, providing a recharge at 2.5 W. Another achievement
was the development of an SOFC-powered vehicle from Nissan Motors (Japan) in 2016 [34]. The
e-Bio Fuel-Cell van is known to be the first SOFC vehicle in the world, and it was equipped with
a 5 kW SOFC system and a 24 kWh battery, allowing it to operate for more than 600 km (see the
internal structure in Figure 2.8c). The prototype is set to run on 100% ethanol for zero pollutant
emissions. These examples demonstrate the portable and transportation applications of SOFCs
using natural gas. Moreover, the energy conversion efficiency of SOFCs can be maximized when
combined with other power generating systems. Figure 2.8d shows a hybrid power-generation
system, developed by Mitsubishi Hitachi Power Systems (MHPS) and Toyota Motor in Japan, that
combines SOFC and micro gas turbine (MGT) units (termed SOFC−MGT) to generate 250 kW of
power. The system also contains a combined heat and power (CHP) unit to recycle the waste heat,
achieving high energy efficiency (approximately 65%) [35]. Hydrocarbon fuels, including natural
gas, can be used for the system operation. A plant-scale application has been demonstrated for the
first time in Europe. The DEMOSOFC project, funded by the European Union, has been carried
out since 2015 with the aim of testing and confirming the industrial-level application of SOFCs
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[36, 37]. The SOFC plant was installed in a wastewater treatment plant in the Turin area to utilize
sludge (biogas) from the wastewater treatment (see the photo and scheme of the plant in Figure
2.8e). The commercialization and demonstration of this high-efficiency and eco-friendly
technology will position SOFCs as a promising component of power systems to achieve the goal
of realizing a low-carbon society.
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Figure 2.8. (Continued.)
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Figure 2.8. (Continued)

- 22 -

Figure 2.8. Potential SOFC applications and examples: (a) A series of applications depending on
power density and scale, Ref. [38], (b) Portable SOFC battery charger, fed by butane, from
Lilliputian Systems, Inc., Ref. [33], (c) SOFC powered vehicle with 5 kW power density, fed by
ethanol, from Nissan, Ref. [34], (d) Hybrid power generation system that combines SOFC and
MGT units, fed by natural gas, with a rated output of 250 kW, from Mitsubishi Hitachi Power
Systems (MHPS) and Toyota, Ref. [35], (e) biogas-DEMOSOFC plant installed in a wastewater
treatment plant in the Turin area, funded by European Union, Ref. [37].
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2.1.4. Challenging Issues
Despite the numerous advantages in terms of energy and environmental sustainability, the
commercialization of SOFCs has been delayed due to remaining issues. For practical use of the
SOFC system, long-term durability is required (service life of at least 40 000 h and negligible
performance degradation under 0.25% per 1000 h). While the high-temperature operation
improves the kinetics of the catalytic reaction and charge transportation, the harsh conditions
reduce the stability and reliability of the SOFC systems in several ways. First, the sintering effect
and interfacial reactions are accelerated at high temperatures. For instance, metal component
particles, such as Ni-based electrodes, are agglomerated, and undesired components, such as
SrZrO3 and LaZrO3, form at the electrolyte/electrode interface by interdiffusion and reaction.
Second, the CTE discrepancy between adjacent components leads to lattice mismatch and, in some
cases, delamination. Third, gas contaminants, such as S and Cr vapors, from the fuel and air are
deposited on and react with the cathode or anode, forming secondary phases. All these structural
changes cause degradation in the electrochemical performance of SOFCs. For these reasons, much
of the recent research has focused on the development of electrodes and electrolytes available for
low-temperature SOFCs, which are believed to provide better stability.
Furthermore, even though expensive precious metal catalysts are not used, the cost is still
considered too high to compete with other power systems because the total cost of SOFC systems
depends on the balance of plant, which accounts for approximately 75% of the total cost [39]. This
economic barrier limits the accessibility of SOFCs to potential customers. The commercial
application of an SOFC will be achieved only after it has secured sufficient durability and lifespan.
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2.2. Air-electrode Poisoning
The electrochemical performance loss of SOFCs is attributed to four factors: Nernst
loss (ascribable to gas crossover), anode polarization, cathode polarization, and internal
electrolyte resistance (ohmic resistance, or IR drop). Figure 2.9 shows the contributions to
the electrochemical losses during SOFC operation for approximately 10 000 h. While the
cell voltage for Nernst loss and anode polarization hardly changes, that of the cathode
polarization and IR drop increases over time, thus indicating the cathode polarization and
IR drop as the most significant loss contributors [1]. The cathode polarization (meaning a
change in the equilibrium potential of an electrochemical reaction) is associated with
oxygen adsorption, reduction, incorporation, and diffusion on and in the air-electrode,
while the IR drop is related to the oxygen ion transfer through the electrolyte. It is well
known that the structural changes of the cathode and cathode/electrolyte interface, due to
the deposition and reaction with airborne gas impurities during the SOFC operation, are the
main causes of the increase in cathode polarization resistance and IR drop. The most
common gas impurities are Cr, B, and Si vapors (endogenous), and SO2, CO2, and water
species (exogenous). Although their concentrations are around the ppm and ppb levels, the
long-term exposure enables their accumulation and reaction with the electrodes. In the case
of a LaFeO3-based cathode operated at 750 oC for 8000 h (in a LaFeO3/CeO2/YSZ/Ni-ZrO2
cell), an accumulation of Na, Al, Si, and Cr was observed with the increase in ohmic
resistance during the cell operation (Figure 2.10). The types of cathode poisoning and their
mechanisms are discussed in detail in the following sections.
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Figure 2.9. (a) Contributions of electrochemical losses in a SOFC system during the long-term
(~10,000 h) performance degradation. (b) Linear plots of the losses. Ref. [1].

Figure 2.10. Concentrations of a number of impurity elements (Na, Al, Si, K, Cr, C, F, P, S, and
Cl) (a) on the LaFeO3-based cathode and (b) on the CeO2-based interlayer after the operation for
24 h, 3000 h, 5000 h, and 8000 h, determined by SIMS analysis. Ref. [2].
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2.2.1. Effect of Chromium
Among various airborne contaminants, Cr species have been known as the most
detrimental substance that hinders air-electrodes from exhibiting long-term stability and reliability.
The gaseous Cr species originate from the metallic parts of SOFC systems. In the SOFC system,
a stack of cells is electrically connected in series to produce the targeted power output, where
conductive metallic interconnects are placed between the cells to separate the air flow and fuel
flow. The state-of-the-art interconnect (IC) materials are made of alloys rather than ceramics (e.g.,
LaCrO3) for superior thermal/electrical conductivity, mechanical stability, and machinability. The
high-temperature alloys for the SOFC ICs contain Cr to achieve high corrosion and oxidation
resistance. Under the SOFC operating condition (500−900 oC), chromia scales (Cr2O3) tend to
grow on the Cr-containing alloy surface and then generate volatile Cr species (typically,
CrO2(OH)2 (g) and CrO3 (g)) [3,4]. The SOFC-based power system also includes balance-of-plant
(BoP) components as well as fuel cell stacks. BoP is a power engineering term that refers to the
supporting and auxiliary parts needed to produce energy in a power generating system, such as the
power transformer, compressed air system, air-preheater, and heat exchanger [5]. See the locations
of the Cr-generating parts, marked with red dotted lines, in Figure 2.11. The BoP components are
composed of high-temperature alloys containing Cr. All these alloys of IC and BoP are the source
of Cr generation. The partial pressures of gaseous Cr species, evolved from chromia, are displayed
in Figure 2.12. The most volatile Cr species are regarded as CrO3 (g) and CrO2(OH)2 (g) in dry and
humid air, respectively. The partial pressure of CrO2(OH)2 is affected by the humidity in the
airflow, while that of CrO3 (g) is affected by the temperature.
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Figure 2.11. Scheme of SOFC-BoP power system, where the red dotted lines indicate the metallic
parts that generate Cr vapors.

Figure 2.12. Equilibrium partial pressures of gaseous chromium species generated from Cr2O3 at
700–900 °C (a) in dry air and (b) in humidified air (10% H2O) [6].

Once the airborne Cr species (Cr6+) are in contact with the cathodes, they have a chance to
take electrons (reducing the oxidation state), enabling their deposition at the electrochemically
active sites. The accumulated Cr species subsequently react with the electrode materials forming
- 33 -

undesired products. Such products block the path of oxide-ion (O2-) transfer and retard the ORR,
thus increasing the polarization resistance of the cell. The Cr poisoning mechanism can be different
depending on the chemical stability and ORR activity of the electrodes. Take LSM and LSCF as
examples, which are the most common air-electrode materials applied in SOFCs. In the case of
LSM

electrodes,

Cr

vapors

are

predominantly

deposited

at

the

TPB

(between

air/electrode/electrolyte), forming Cr2O3 and CrMn2O4 under polarization conditions, as shown in
Figure 2.13b. However, under non- or low-polarization conditions, the degradation rate is very
slow (Figure 2.13a) [7]. These results indicate that the reaction associated with Cr poisoning is
attributed to electrochemical reduction at the TPBs by the following reactions [8–10]:
2CrO2(OH)2 (g) + 6e- TPB → Cr2O3 (s) TPB + 2H2O (g) + 3O2- YSZ
2CrO3 (g) + 6e- TPB → Cr2O3 (s) TPB + 3O2- YSZ
It is found that the Cr2O3 deposited near TPBs reacts with MnO (separated from LSM
during the oxide-ion transfer reaction), resulting in the formation of (Mn,Cr)3O4 compounds (e.g.,
CrMn2O4 spinel), as shown in Figures 2.13c and 2.13d. This mechanism of Cr poisoning in LSM
is considered to be caused by (i) the Cr-resistant surface and (ii) confined sites for the ORR (as
electronic conductor). The Cr poisoning mechanism of LSCF is different from that of LSM. Unlike
LSM, LSCF has a large active reaction zone (including the air/electrode interface, as well as the
TPBs) as a MIEC and a tendency to segregate Sr at high temperatures. The segregated Sr is present
as SrO on the electrode surface. The SrO acts like a getter capturing Cr species in air, forming
SrCrO4 (Figure 2.14b). The formation of a non-conductive SrCrO4 phase leads to Fe/Co
segregation, such as Co3O4, filling the pores (Figures 2.14c and 2.14d) [11,12]. These chemicaland nano-structure changes adversely affect the ORR activity and oxygen gas transportation
(Figure 2.14a). However, as the Cr adsorption and contamination start from the electrode surface,
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the internal active sites still function for the ORR and oxygen transfer. For this reaction, the
degradation rate of LSCF by Cr poisoning is much slower than that of LSM [13].

Figure 2.13. (a) Potential changes of a solid oxide cell (LSM/LSM–8YSZ/8YSZ–NiO) over time
at different applied currents (0 to 880 mA/cm2) at 700 °C. (b) X-ray diffraction patterns across the
cell tested at 800 °C for 500 h. (c) TEM image of the active cathode region (LSM–8YSZ) operated
for 504 h at 800 °C and 880 mA/cm2, and (d) Schematic diagram of Cr poisoning process at LSM
electrode: 1. Cr species vaporization; 2. migration and transportation of gaseous Cr; 3. formation
and migration of Mn2+ species; 4. formation of MnO; 5. migration of MnO; 6. interaction between
gaseous Cr and MnO, forming Cr-Mn-O nuclei; 7. interaction between gaseous Cr and Cr-Mn-O
- 35 -

nuclei, forming Cr deposits and (Cr,Mn)3O4 spinel; 8. Cr deposition by O2 reduction reaction and
oxygen ion transfer; and 9&10. O2 reduction reaction and oxygen ion transfer at TPBs. Ref. [7,14].

Figure 2.14. (a) Polarization curves of LSCF electrodes under an anodic current density of 200
mA cm-2 at 900 °C for 20 h in the absence and presence of a Fe–Cr interconnect (top and bottom,
respectively). Ref. [15]. (b) STEM-EDS elemental mapping at the cross section for the sample
after 11 h in Cr. Ref. [16]. (c) 3D image of the LSCF electrode as a function of distance from the
electrode surface in the presence of Cr depositions. (d) Scheme of segregation and formation of
Co3O4 and SrO (left), and the preferential Cr deposition and compound on the surface of the LSCF
electrode material. Ref. [17].
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2.2.2. Effect of Sulfur
Another major contaminant is SO2. Although the concentration of SO2 is very low in
ambient air (75 ppb and 0.5 ppm for hourly primary standard and three-hour secondary standard,
respectively) [18], the long-term exposure of air-electrodes to continuous air flow can lead to the
physical and chemical absorption of SO2 and the formation of S compounds on the electrode
surface [19]. The degradation rate of cathodes due to the S contaminant is not fast, but it is
continuous and severe in the long term. In particular, alkaline-earth-containing electrodes are
vulnerable to S poisoning as the alkaline earth metals are reactive with SO2. It is a well-known
phenomenon that the A-site dopant (larger than the La host cation) tends to segregate onto the
La(A)MnO3 perovskite surface to minimize the elastic energy near the surface (Figure 2.15a) [20].
This tendency is more pronounced with larger A-site dopants (e.g., Ca, Sr, Ba) at higher
temperatures and higher O2 partial pressures [21]. In LSCF, a typical example, the Sr segregation
occurs and remains as SrO on the surface during the SOFC operation, which reacts with airborne
SO2 [19,22,23]. After long term exposure, SrSO4 islands are formed on the outermost surface of
LSCF as per the reaction: SrOsurface + ½O2 ads + SO2 ads → SrSO4 (see Figure 2.16 b–e) [24]. Such
SrSO4 formation is also accompanied by the exsolution of B-site cations, forming CoFe2O4 (Figure
2.16f). This structure change of LSCF due to the SO2 absorption results in the electrochemical
performance degradation (Figure 2.16a), indicating that the S poisoning is mainly caused by the
chemical reaction of SO2 with the cathodes. Thus, the chemical stability of the cathode is
considered a critical factor in S poisoning.
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Figure 2.15. (a) Schematic images of the surface cation segregation processes. Ref. [20]. (b) AFM
amplitude images of the Ba-, Sr-, and Ca-doped LaMnO3 thin film surfaces as a function of
annealing temperature. Each column represents the surface morphology after annealing in air for
1 h at the temperatures stated on the top. Each row represents the surface morphology of LBM,
LSM, and LCM. Ref. [21].
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Figure 2.16. (a) Time dependence of I/I0 (I0 = current at the start time) of the cells exposed to 0.1
ppm SO2 for 100 h when the flow rate was 25, 50, and 90 mL/min, respectively. (b, c) TEM images
of A-site excess LSCF film on GDC substrate after annealing at 800 °C for 100 h in air. (d)
Corresponding EDS line scan indicating the accumulation of SO2 on the surface and inner regions
of LSCF. Red-dashed arrow line from top to bottom corresponds to the location where the EDS
line-scan was performed. (e) STEM-EDS elemental (S, Sr, Ce, La, Co, Fe, and Gd) mapping
images of rectangular SrSO4 grains. (f) Reaction sequence schematic: (left) SO2 adsorption on the
LSCF6428 grain surface; and (right) SrSO4 formation at the grain boundary and in the vicinity of
the LSCF6428/10GDC interface. Ref. [23,24].
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2.2.3. Effect of Boron
In assembling SOFC stacks, glass and glass-ceramic sealants are essentially used to seal
the edge of planar cells for satisfactory separation of the fuel and air flows to the anode and the
cathode, respectively (see Figure 2.17a). The sealant materials are required to have high electrical
resistivity (>500 Ω for insulation) and a suitable thermal expansion coefficient (approximately
12×10-6/K) to be compatible with the adjacent IC and electrolyte at high temperatures [25].
Borosilicate glass sealant is the most recommended material satisfying this requirement. The
inclusion of boron oxide (B2O3) in silicon glass helps tailor the thermophysical properties by
reducing the glass transition, softening, and melting temperatures [26]. However, it is noted that
the B in the glass is volatile at high temperatures, releasing various B vapors (Figure 2.17b). The
major gas species are identified as BO2 (g) and B3H3O6 (g) in dry and humid conditions, respectively.
The vaporization of the B species increases exponentially with water vapor in air from 10–40 ppm
(approximately 100 ppm H2O) to approximately 400 ppm (3% H2O, Figure 2.17c).
The effect of B vapors on the SOFC performance has been extensively studied. It was
found that B is chemically incompatible with cell component materials such as electrodes and
electrolytes, as shown in Table 2.1. For instance, B species readily react with LSM, LSCF, and
BSCF electrodes, leading to phase transformation forming LaBO3, (Sr,Ba)B4O8, and Mn2OBO3.
The reaction with electrolytes such as YSZ and GDC is also probable, forming YBO3 and GdBO3
(Table 2.1). In the case of LSCF, the electrode polarization loss gradually increases under exposure
to the B species (Figure 2.18a), presumably due to the deposition and reaction of B in the LSCF
electrode (Figure 2.18b). The reactions associated with B poisoning include microstructure
coarsening and morphology change (thin plates and needle shapes), as clearly seen in Figure 2.18c,
which are likely to disturb the air transport through the cathode. The main cause is considered to
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be the phase transformation due to the formation of LaBO3 and the separation of Fe2O3 (Figure
2.18d). A similar degradation process occurs in LSM, where Mn2OBO3 can form in addition to
LaBO3 [27]. In particular, under cathodic polarization conditions, the deposition of the B species
in the electrode is accelerated, probably by electrochemical reduction reactions at oxygen vacancy
concentrated sites:
BO2 (g) + 4e- TPB + 2VO•• LSM → B–La LSM + 2Oox
2B3H3O6 (g) + 18e- TPB + 9VO•• LSM → 6B–La LSM + 9Oox + 3H2O (g).
Because of these drawbacks of borosilicate-based glass sealants, alternative glass materials, such
as boron-low glass-ceramic sealants, have been designed and developed, which will be further
discussed in the following Section 2.3.4.

Table 2.1. Reaction products of the mixtures of boric acid and various oxides after heat-treatment
at 600–800 °C for 20 h in air [28].
Oxide couple
YSZ–H3BO3

600 °C
YSZ and H3BO3

GDC–H3BO3

GDC

LSM–H3BO3

LSM and H3BO3

LSCF–H3BO3

LSCF and H3BO3

BSCF6428–H3BO3
BSCF5582–H3BO3

SrCO3, Fe2O3,
and/or Fe2CoO4
BSCF and SrCO3

SCF–H3BO3

SCF

(80 mol.% La2O3–20 mol.% SrO)–H3BO3
(60 mol.% La2O3–40 mol.% SrO)–H3BO3
(40 mol.%La2O3–60 mol.% SrO)–H3BO3

–
–
–

700 °C
YSZ, monoclinic ZrO2,
and YBO3
GDC
LSM, LaBO3, Mn2OBO3,
La0.5Sr1.5MnO4,
SrMnO3, and Mn0.5O
LaBO3, SrCO3, Fe2O3,
and/or CoFe2O4
Sr1.16Ba1.84(B3O6)2, Fe2O3,
and/or Fe2CoO4
Sr1.16Ba1.84(B3O6)2,
SrB2O4, and Co2O3
SrB2O4, Fe2O3, and/or
CoFe2O4
–
–
–
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800 °C
Monoclinic ZrO2 and YBO3
Gd0.1–xCe0.9O1.95–y (0 ≤ x ≤ 0.1,
and 0 ≤ y ≤ 0.05) and YBO3
LaBO3 and Mn2OBO3

LaBO3, SrCO3, Fe2O3,
and/or CoFe2O4
Sr1.16Ba1.84(B3O6)2, SrB2O4,
Fe2O3, and/or Fe2CoO4
Sr1.16Ba1.84(B3O6)2, SrB2O4,
Co3(BO3)O2, Fe2O3, and/or
Fe2CoO4
SrB2O4, SrB4O7, Fe2O3, and/or
CoFe2O4
LaBO3 and LaB3O6
LaBO3, LaB3O6, and SrB2O4
LaBO3, LaB3O6, and SrB2O4

Figure 2.17. (a) Schematic of glass sealant application in a SOFC stack unit. (b) Possible reactions
for boron vaporization and corresponding volatility diagram of the B–H–O system, with B2O3(l)
as the condensed phase, at 800 °C in reducing condition as a function of water vapor pressure. (c)
Boron concentration determined by SIMS at various temperatures with relatively dry air (100 ppm
water) and room temperature humidified air (3% H2O). Ref. [25,29,30].
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Figure 2.18. (a) Impedance spectra as a function of time of LSCF based anode-supported cells
operated at 700 °C with boron. (b) SIMS mapping of the post-test LSCF-based anode-supported
cells exposed to boron species. (c) SEM micrographs of LSCF surface: freshly prepared (left), and
heat-treated at 800 °C for 30 days in the absence of glass (middle) and in the presence of glass
(right). (d) XRD patterns of infiltrated LSCF-GDC cathodes on GDC electrolytes: a. freshly
prepared; b. heat-treated at 700 °C for 30 days in the absence; and c. heat-treated at 700 °C for 30
days in the presence of glass. (e) Schemes of the boron effect on LSM under open circuit (left) and
cathodic polarization conditions (right). Ref. [25,31,32].
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2.2.4. Effect of Silicon
Traces of Si vapors are generated from glass sealants and Si-containing alloy components
in SOFC systems. The dominant volatile Si species are SiO and Si(OH)4 in dry air and humid air,
respectively (Figure 2.19). Although the concentration of Si species is extremely low, the longterm exposure of electrodes leads to physical and chemical deposition and reaction. The
accumulation of Si takes place even around the electrolyte as well as the electrodes, as can be seen
in Figure 2.20a. It has been proposed that the reaction of silica with zirconia (electrolyte) is
energetically more favorable than the reaction with LSM (electrode) [33,34]. However, it is not
yet clearly demonstrated whether the Si deposition near the electrolyte is due to the electrochemical
reduction at the TPBs or chemical affinity.
In analyzing the evidence of Si contamination, it is challenging to identify Si in airelectrodes, as the characteristic energy levels for Si-K and Sr-L in EDS are very close and overlap
(1.74 keV and 1.81 keV, respectively). Electron energy loss spectroscopy (EELS) is a useful tool
for distinguishing Si from other component elements at the nanoscale, by clearly identifying a thin
Si layer (approximately 20 nm) deposited over the air-electrodes (Figure 2.20b). The vaporization
rate of the Si species is highly affected by humidity from the thermodynamic point of view (Figure
2.19); Si deposition was found only in the sample that was exposed to humidified air (Figure 2.20c).
The subsequent reaction of the deposited Si (i.e., SiO2 amorphous) with the electrode materials
leads to a structural change of the surface (Figure 2.20d). As the surface chemistry is directly
related to the ORR activity, the electrochemical performance is bound to degrade over time. Martin
Perz et al. reported that, in the case of Si-poisoning of LSCF, the low electrical conductivity of the
thin La-Sr-silicate layer covering the LSCF surface limits the activity for oxygen reduction on the
surface, increasing the area specific resistance (ASR of LSCF (Figure 2.20d). However, it is noted
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that the adverse effect of Si is less significant than that of S and is negligible in very low humidity
conditions.

Figure 2.19. Equilibrium partial pressures of Si vapor species from MSU1 (an aluminosilicate,
composed of Al6Si2O13 3.69% and Al2O3 96.31%, for SOFC applications) in dry air (left) and
humid air (right), respectively. Ref. [35].
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Figure 2.20. (a) Cross-sectional TEM image of the surface of LSM-YSZ composite cathode after
an electrochemical test in airflow over a Si-containing alloy for 1900 h at 800 °C. For sample
preparation, the post-test cell was immersed in hot nitric acid to dissolve and remove perovskite
cathode layers, followed by FIB milling. Ref. [34]. (b) Cross-sectional TEM images and Energyfiltered Si-mapping image of the LSCF surface exposed to airflow through a quartz tube at 600 °C
for 2000 h (in dry and humid O2–Ar atmospheres, each for 1000 h). Ref. [36]. (c) Elemental depth
profiles from the surface to the bulk of the LSCF sample displayed in (b), determined by XPS
analysis. Ref. [37]. (d) The resistance change of LSCF in ambient air at 700 °C for 1060 h without
and 1340 h with Si contamination, respectively (top); and SEM images of the LSCF surface before
and after the Sr contamination. Ref. [38].
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2.2.5. Effect of Carbon Dioxide
The CO2level in the earth’s atmosphere has been increasing since the industrial revolution,
currently reaching 412 ppm (from approximately 370 ppm in 2000) [39]. The airborne CO2 has a
high affinity with alkaline earth metals (e.g., Ca, Sr, and Ba) to form carbonate minerals.
Consequently, alkaline-earth-containing perovskite-type cathodes often undergo degradation from
airborne CO2. In real SOFC systems, any gas leakage from the anode to the cathode takes place
due to the imperfect sealing of the cell stack. The exhaust gas from the anode compartment with a
hydrocarbon fuel contains a high level of CO2. Thus, the chemical stability of air-electrodes in
airborne CO2 should be considered important. As for the LSM electrode, it remains thermally and
chemically stable at high temperatures, being tolerant to CO2 (at approximately 400 ppm) in the
ambient atmosphere, even as SrCO3 precipitates form on the surface under high CO2 concentration
(3–10%) [40]. LSCF is relatively unstable at high temperatures due to Sr segregation. Nevertheless,
the adverse effect of CO2 is not significant in ambient atmosphere (like the case of LSM), while
the Sr segregation onto the surface is accelerated in high CO2 concentration (Figure 2.21a) [41].
However, for low-temperature cathodes incorporating alkaline earth metals, the CO2 effect
should be taken seriously. A typical example is (Ba,Sr)(Co,Fe)O3 (BSCF), which offers high
performance at low temperatures (under 600 °C), thus being regarded as a promising candidate for
low-temperature SOFC electrodes to achieve high reliability. Cheng et al. showed that traces of
CO2 can modify the surface structure of BSCF, increasing the polarization resistance, as shown in
Figure 2.21b. The surface carbonate acts as a diffusion barrier, disturbing oxygen ion transfer. It
was also found that the degradation by CO2 is fully recoverable in a low PCO2 atmosphere (Figure
2.21c), whereas most degradation processes by other airborne impurities, such as Cr, could not be
reversibly recovered. It was considered that the CO2 effect is more pronounced at lower

- 47 -

temperatures as the carbonates tend to decompose at high temperatures. This corresponds to the
surface structure of LSCF exposed to CO2 at different temperatures, as shown in Figure 2.21d,
where the samples treated at higher temperatures retain smoother and cleaner surfaces.
The reason why Ba-containing materials are more susceptible to CO2 than Sr-containing
materials was thermodynamically validated by Efimov et al. (see Figure 2.22a). It was suggested
that the lower stability of SrCO3 relative to BaCO3 is because the relatively small size of the Sr2+
ion provides low crystal lattice energy compared with what the Ba2+ ion provides. Indeed, in Ba1xSrxCo0.8Fe0.2O3-δ

(BSCF) electrodes, as the Sr/Ba ratio increases, the stability against CO2

increases (Figures 2.22b–2.22d). Correspondingly, the amount of carbonate and the temperature
for carbonate decomposition increased with high Ba/Sr ratios of BSCF (Figure 2.22e). Therefore,
alkaline-earth-free materials have been developed and proposed as the alternative cathode material
for low-temperature SOFC applications.
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Figure 2.21. (a) AFM 3D images of the surface of LSCF-6428 annealed at 800 °C for 9 h in
30%CO2 (top) and in CO2-free air (down). Ref. [41]. (b) Nyquist plot of BSCF measured in
1%CO2–air over time (up to 1440 min) at 450 °C, and SEM images of BSCF before (top) and after
24 h (down). Ref. [42]. (c) Cathode polarization of the La0.6Sr0.4CoO3-δ based cell over time at
different temperatures (400–650 °C) in 0.5%CO2–air. Ref. [43]. (d) SEM images of the post-test
LSM electrodes in 10%CO2–air for 100 h at different temperatures (750–850 °C). Ref. [40].
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Figure 2.22. (a) Ellingham diagram for the decomposition of carbonates (La, Ca, Sr, and Ba). Ref.
[44]. (b–d) Current density of Ba1-xSrxCo0.8Fe0.2O3-δ (x = 1, 0.5, and 0) along with time at different
temperatures (500, 550, and 600 °C). (e) CO2 temperature programmed desorption (TPD) profile
from Ba1-xSrxCo0.8Fe0.2O3-δ (x = 1, 0.5, and 0) after CO2-O2 co-adsorption at 600 °C for 2h. Ref.
[45].
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2.2.6. Effect of Moisture
Humidity levels in the atmosphere vary with time of day, climate, season, region, and
altitude. The incoming air flow in SOFC systems contains trace amounts of water molecules,
which may increase depending on the weather and working conditions. It has been recognized that
the presence of moisture exerts a negative effect on the surface structure and electrochemical
performance of the air-electrode in various ways. As described in section 2.2.5, the partial pressure
of gaseous impurities evolved from SOFC components, such as CrO2(OH)2, B3H3O6, and Si(OH)4,
increases exponentially with increasing humidity levels, thereby accelerating the electrode
degradation (Figures 2.12, 2.17b, 2.19, and 2.20c). For instance, the presence of moisture enables
Si vapors to evolve and deposit on the LSCF cathode, resulting in a significant decrease in the
chemical surface exchange coefficient of oxygen (see Figure 2.23e) [37].
The water molecule itself also acts as an impurity that modifies the surface structure of the
electrodes and reduces the ORR activity [37, 43, 46–52]. In the case of LSM, the cathode
performance degradation is accelerated much faster as the humidity of the airflow increases
(Figure 2.23a) [49, 51]. Accordingly, the surface nanostructure of the LSM completely changed
after the electrochemical test in the presence of moisture and with the applied bias (Figure 2.23b).
It was suggested that the water molecules present on the electrode surface induce Sr segregation
and the formation of La2Zr2O7 at the electrode/electrolyte interface (Figure 2.24a). A similar
degradation process also occurs in (La,Sr)(Co,Fe,Nb)O3-δ and Ba0.9Co0.7Fe0.2Nb0.1O3-δ [50, 53].
Unlike the poisoning from CO2 (g) (Figure 2.21c), the degradation by water molecules is not fully
recoverable, particularly at high temperatures (e.g., 650 °C, Figure 2.23c), implying that the phase
separation caused by the Sr segregation in humid conditions is an irreversible process. Furthermore,
it was suggested that the water molecules contributed to the degradation of the electrolytes (Figure
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2.23d). In GDC, protons from the water molecules can be localized at the oxygen ions around the
Gd ions of the electrode (GDC), disturbing oxygen ion transfer through the electrolyte [43]. The
loss of contact between the electrodes and the electrolyte can occur due to any electrode structure
change, leading to the ohmic resistance loss (Figure 2.23d) [48].
The role of oxygen vacancy on the surface Sr segregation in humid conditions was studied
by Ramprasad and co-workers using adsorbate-slab calculations for La(A)O-terminated (001)
surfaces (where A = Ca, Sr, and Ba). The atomic-scale segregation process and the possible
mechanism is depicted in Figures 2.24b and 2.24c. It was suggested that the interplay of existing
oxygen vacancy and moisture facilitates the cation segregation [54]. As aforementioned, the
presence of moisture in the cathode side further drives gaseous impurity generation, cation
segregation, and associated phase separation, resulting in the irreversible performance degradation.
Hence, the humidity level must be carefully controlled by auxiliary BoP electronics in SOFC
systems.
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Figure 2.23. (a) Non-ohmic resistance change of the LSM/YSZ/LSM cells over time in different
moisture contents at 850 °C. (b) SEM images of the LSM cathode before and after the
electrochemical tests in dry air and in humidified air (3, 10, and 50%) with and without a bias of
0.5 V for 100 h at 850 °C. Ref. [49]. (c) Relative change of the polarization losses of the
La0.6Sr0.4CoO3-δ based cell over time at different temperatures (400–650 °C) in 2%H2O–air. (d)
Comparison of impedance spectra measured in dry and humidified synthetic air at 400 °C. Ref.
[43]. (e) Chemical surface exchange coefficient (kchem) of oxygen of LSCF at 600 °C for 2000 h
(dry O2–Ar atmosphere for the first 1000 h, and humidified (30%H2O) O2–Ar atmosphere for
another 1000 h). Ref. [37].
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Figure 2.24. (a) Illustration of the modified structure of LSM electrode in humidified air with the
formation of lanthanum vacancies due to the reaction of LSM with water. Ref. [49]. (b) Energy
profile of the possible water dissociation mechanisms on the O defected La(A)O-terminated slab,
here A is Ca, Sr and Ba. The different considered mechanisms are: (i) OH from the La–La bridge
site (between two surface La cations) occupies the Ovac site, (ii) OH remains at the La–La bridge
site with the Ovac in the neighborhood of the dopant and (iii) the oxygen atom dissociates from
H2O and occupies the Ovac site. (c) Schematic portraying various scenarios: (i) Substitution of La
atom with a dopant (i.e., Ca, Sr, and Ba) in the bulk region; (ii) Segregation of the dopant onto the
surface; (iii) Top-view of high-symmetry sites offered by the LaO-terminated (001) surface for the
water adsorption; (iv) Interaction of water with (La, dopant)O-terminated (001) surfaces when the
slab is exposed to a pure H2O reservoir; (v) The dissociative adsorption of water molecules on the
surfaces; and (vi) The two adjacent hydroxyl groups. Ref. [54].
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2.2.7. Other Contaminants
There are other minor impurity elements, such as Al and Na. Secondary-ion mass
spectrometry (SIMS) analysis on a LaFeO3-based cathode operated for a long time (up to 8000 h)
identified the time-dependent increase in the concentrations of Al and Na, as well as the major
impurity elements (see Figures 2.10 and 2.25) [2, 55]. The sources of Na and Al are thought to be
the thermal insulating materials that cover the whole stack. However, the generation and deposition
of minor impurities, such as Na and Al, on the air-electrode would be inevitable in hightemperature applications.

Figure 2.25. The concentration of impurities (Na, K, Si, Al, Cr, and Sr) with depth from the cathode
surface, determined by SIMS. Ref. [55].
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2.3. Mitigation Strategies
2.3.1. Development of Low-Temperature SOFCs
The equilibrium partial pressures of gaseous contaminants and the kinetics of gas evolution
increase with temperature. At high temperatures, not only the vaporization of volatile components
but also the interdiffusion and reaction between component materials in contact are accelerated,
which leads to the deterioration of performance and stability of the SOFC system. Lowering the
operating temperature thus brings significant advantages in terms of reliability — improving
durability during thermal cycling, suppressing cation segregation, and impeding particle
coarsening — thereby enabling the use of various alternative materials for the SOFC components.
The major challenge is the reduced power density due to sluggish electrochemical reactions, such
as the ORR and oxygen ion transfer, at low temperatures. In order to overcome this limitation, a
great deal of research effort has been made over the past decades. Recent research has achieved
great advances in maintaining and improving the electrochemical performance of the SOFC
components at low temperatures (under 600 °C). In this section, the recent developments for lowtemperature SOFCs are presented.

Electrolyte
The simplest way to reduce the ohmic resistance of an electrolyte is to use thin electrolyte
(less than 3 μm), which has a short path length for oxygen ion transfer (Figure 2.26). Fabrication
of the sub-micron electrolyte layer requires expensive, special techniques to avoid cracks and pores.
Due to poor mechanical properties and high engineering cost, the practical application of the thin
film approach has been limited. Also, the diffusion of electrode elements to the electrolyte during
the SOFC operation can lead to structural change and performance degradation in the long term.

- 63 -

Figure 2.26. Compilation of oxygen ion conductivity data for single-layer and multilayer
heterostructure thin-film samples. Ref. [1].

To replace the conventional fluorite-type electrolytes such as YSZ and GDC, extensive
research has been carried out and has developed alternative electrolytes, as shown in Figure 2.2.
Bi2O3 showed high oxygen ion conductivity, but the phase transition during heating and cooling
cycles is an intrinsic challenge. The structure can be stabilized by adding metal dopants in the
system. For example, the BiMeVOx system (aurivillius-type; where Me = metal dopants, mainly
Cu and Co; e.g., Bi4V2-xCuxO11-δ [2]) showed a high ionic conductivity (see Figure 2.2). Despite
the superior properties of BiMeVOx, the chemical compatibility with the electrodes in contact
needs to be further studied to evaluate their long-term stability.
Another approach is the optimization of the dopant elements in established electrolyte
materials such as zirconia and ceria, which does not require a compromise between the property
and stability (Figure 2.27) [3]. Sc-stabilized zirconia (ScSZ) is becoming preferred over YSZ in
terms of conductivity. The additional doping of Bi and Ce also showed improved conductivity [4,
5].
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Bi-layered electrolytes, which are composed of two different ionic conductors, have been
tested to take advantage of conductivity and stability under both oxidizing and reducing conditions.
A Ce/Bi oxide bilayer is one example shown in Figure 2.28 [6]. ZrO2/CeO2 and Bi2O3/LSGM
systems are also regarded as promising combinations [7, 8].

Figure 2.27. (a) The influence of the dopant ionic radius on the ionic conductivity and the
activation energy for ZrO2-based electrolytes. Ref. [9]. (b) Relationship between ionic
conductivity and dopant ionic radius in CeO2 at 800 °C. Ref. [10].
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Figure 2.28. (A) Schematic of ceria/bismuth oxide bilayer concept, demonstrating the effect of
relative thickness on interfacial oxygen partial pressure and erbia(Er)-stabilized bismuth oxide
(ESB) stability. (B) Current-voltage behavior for SOFCs with GDC single-layer (solid blue line)
and ESB/GDC bilayer (solid red line) electrolytes at 650 °C using 3% wet H2 (anode side) / dry
air (cathode side). (C) Effect of total thickness and thickness ratio of bilayered electrolyte on OCP.
Ref. [6].

Anode
As the operating temperature decreases, the likelihood of C deposition (coking) and S
poisoning increases, which hinders the activity of the catalytic sites and reduces the energy
conversion efficiency. Thus, the conventional anode of Ni-YSZ cermet should be replaced with
alternative materials or decorated with C- or S-tolerant protective materials. L. Yang et al. showed
that the C deposition on Ni can be mitigated by incorporating BaO, which reacts with both OH
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from the moisture and C from the fuel to induce CO2 generation at the BaO/Ni interface (see Figure
2.29) [11].

Figure 2.29. (a and b) Fuel cell performance in CO and in gasified carbon. (a) Terminal voltages
measured at 750 °C as a function of time for the cells with and without BaO/Ni interfaces operated
at a constant current density of 500 mA cm-2 with wet CO (with ~3% H2O) as the fuel. (b) Typical
current-voltage characteristics and the corresponding power densities measured at 750 °C for cells
with and without BaO/Ni interfaces (after 4 h operation) when wet CO was used as the fuel and
ambient air as the oxidant. (c) Proposed mechanism for water-mediated carbon removal on the
anode with BaO/Ni interfaces. Large balls in Brandeis blue, green, red, blue-grey, and purple are
Ni, Ba, O of BaO or YSZ, Zr, and Y, respectively, whereas small balls in red, white, and grey are
O from H2O, H, and C, respectively. D1 is the dissociative adsorption of H2O, whereas D2 is the
dehydrogenation of hydrocarbons or the CO disproportionation reaction. Ref. [11].

Ni-free or Ni-low composites, such as Ni-free perovskite-type materials, have also been
considered as alternative anodes to achieve high durability against S and C species and enhanced
performance. Z. Gao et al. reported the beneficial effect of the anode functional layers (AFL) of
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(La,Sr)(GaMg)O3 deposited over Ni, demonstrating the potential of AFL for low-temperature
applications (see Figure 2.30) [12]. T. Zhu et al. showed that the substitution of Ni for Fe in
SrTi0.3Fe0.7O3-δ perovskite anodes with Ni- and Fe-exsolved surfaces resulted in high
electrochemical performance (comparable to cermet) as well as high tolerance to coking and S
poisoning (see Figure 2.31).

Figure 2.30. Maximum power density measured at different temperatures for the cells with
different (La,Sr)(Ga,Mg)O3 (LSGM) anode functional layer (AFL) porosities with a fixed Ni
content of 15.0 vol.%. Ref. [12].
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Figure 2.31. Power densities and SEM images of SrTi0.3Fe0.7O3-δ (STF) anode based SOFCs: STF
and Sr0.95(Ti0.3Fe0.63Ni0.07)O3-δ (STFN) with Fe-Ni exsolved surface. Ref. [13].

Cathode
For low-temperature applications, MIEC cathodes with large catalytic active sites are
preferred to EC cathodes with limited catalytic active sites (being localized at TPBs), as described
in Section 2.1.2. Besides cathode-electrolyte composites (e.g., LSCF-GDC and LSM-YSZ),
minimization of the cathode thickness reduces the polarization resistance, enabling lowtemperature operation. The infiltration or impregnation method on porous electrolyte or electrode
scaffolds is a simple, efficient process to fabricate porous nanostructured cathodes and provide
high electrochemical performance (see Figure 2.32)[14]. However, the nanoparticles are prone to
coarsening or agglomerating during operation because of their high surface energy, leading to loss
of beneficial effects from the nanostructures. The particle agglomeration can be mitigated by
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forming a conformal layer over each particle. Y. Gong et al. demonstrated that the nanoscale ZrO2
layer coated on LSCo cathode particles by atomic layer deposition (ALD) could suppress the Srsegregation and the particle agglomeration during high-temperature operation (see Figure 2.33)
[15].

Figure 2.32. (a) Cross-sectional SEM images of an infiltrated LSM-YSZ cathode. (b) Impedance
spectra at 923 K for the cell with a non-infiltrated cathode and with the infiltrated LSM-YSZ
cathode. Ref. [14].
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Figure 2.33. (a) TEM image showing nanoscale ZrO2 overcoats by ALD on LSCo nanoparticles.
(b) Comparison of EIS spectra between pristine and ZrO2 overcoated LSCo-nanoparticle cathodes
measured at 700 °C in a flowing air. (c) Schematic showing the multifunctionality of gas transport,
mixed conductivity, confinement of nanoparticles, and suppression of Sr-segregation presented by
the nanoscale ZrO2 overcoated on the surface of nanostructured LSCo cathode. Sr′La is a point
defect created by substituting La with Sr while ZrCo• is a point defect created by substituting Co
with Zr in LSCo and Co′Zr is a point defect created by substituting Zr with Co in ZrO2. Ref. [15].

Recently, the Sr(Ln,Co)O3-δ (Ln = Sc, Sb, Nb, and Ta) system has been in the spotlight as
a cathode material for low-temperature applications. R. E. Usiskin et al. proposed SrCo0.9Nb0.1O3δ

as a promising air-electrode material with high catalytic activity for the ORR [16]. M. Li et al.

showed that Nb and Ta co-substituted SCO (SrCo0.8Nb0.1Ta0.1O3-δ) has superior electrochemical
properties, compared with that of BSCF (Figure 2.34) [17]. Decorating the cathode with efficient
catalytic elements can further enhance the activity for the ORR at low temperatures. Neoh Y. Zhu
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et al. proposed that Ag nanoparticles exsolved from the SNC cathode improve the ORR activity
and durability to CO2 poisoning (see Figure 2.35) [18]. The ideal configuration for lowtemperature SOFCs was well summarized and illustrated by Y. Zhang et al. in Figure 2.36 [19].

Figure 2.34. Thermal evolution of the ASR of SrCo0.8Nb0.1Ta0.1O3-δ (SCNT), SrCo0.9Nb0.1O3-δ
(SCN10), SrCo0.9Ta0.1O3-δ (SCT10), SrCo0.8Nb0.2O3-δ (SCN20), SrCo0.8Ta0.2O3-δ (SCT20) and
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) cathodes as prepared and studied under the same conditions.
Electrochemical impedance spectroscopy (EIS) results using a Sm0.2Ce0.8O1.9 (SDC)-based
symmetrical cell. Ref. [17].
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Figure 2.35. (a) Performance mapping of ASR and Ea values of Ag-exsolved (Sr,Ag)(Nb,Co)O3
(e-SANC) cathode against other high-performance cathodes, compared with other cathode
materials. (b) SEM image of the cross-section of e-SANC/SDC/Ni-SDC single cell. (c) Timedependent ASR values of e-SANC, SNC0.95, and BSCF cathodes at a function of CO2
concentration in air (e.g., 1, 5, and 10% by volume) at 600 °C. Inset in (a): relative increases of
ASR of e-SANC, SNC0.95, and BSCF after ∼30 min exposure to CO2 containing atmosphere
compared to the original values in air. (d–f) HAADF-STEM image of the e-SANC and the
corresponding EDX spectra at the position in P1 and P2 in (d). Ref. [18].
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Figure 2.36. Schematic illustration of an ideal configuration for LT-SOFCs, proposed in the review
paper of Ref. [15].

2.3.2. Development of Impurity-Tolerant cathode Materials
While the incorporation of alkaline earth metals, such as Sr and Ba, contributes to the
enhancement of the ORR activity and oxygen ion conductivity of air-electrodes, it diminishes the
chemical stability of electrodes due to the occurrence of surface segregation and the affinity of
alkaline-earth elements to airborne contaminants, as described in Section 2.2. Alkaline-earth-free
cathodes have been developed to avoid the potential risks and to preclude electrode poisoning by
the airborne contaminants [20, 21].
Perovskite-type LaNi1-xFexO3-δ (LNF) has received considerable attention for being
impurity resistant. The phase remains stable when the Fe content (x) is below 0.4 (Figure 2.37).
Although the initial electrochemical performance of LNF was average, both ohmic and non-ohmic
resistances were significantly reduced after the activation probably due to the oxygen vacancy
generation, as in the case of LSM. Intensive research efforts have been devoted to the optimization
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of the LNF stoichiometric ratio. The initial electrochemical test seemed to show the Cr-tolerant
behavior of LNF for 100 h [22, 23]. Further studies by Stodolny et al. [24], though, confirmed that
the overpotential increased after 200 h, substituting Cr for Ni in LNF and forming GdCrO3 in the
GDC layer (Figure 2.38). The degradation by Cr poisoning is believed to be promoted under high
current loads; thus, the LNF cathode was coated or mixed with GDC to mitigate the Cr deposition
and poisoning. The electrochemical test, conducted by B. Huang et al. and A. Shaur et al. [25–27],
validated the beneficial effects of GDC on the tolerance to Cr vapors (Figure 2.39). Cobaltitebased perovskite cathodes are also suggested as a stable cathode candidate, but further study will
be needed [28].

Figure 2.37. Phase diagram of LaNi1−xFexO3 (x = 1.0–0.3). Solid and dashed curves represent the
boundaries of structural and magnetic phase transitions, respectively. Ref. [29].
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Figure 2.38. (a) Evolution of the WE impedance (EIS) with time, measured under a load of 400
mA cm−2 in the absence of Cr vapor (top) and in the presence of Cr vapor (bottom). (b) STEMEDX mapping of the LNF/GDC/YSZ interface presented on a HAADF image. Ref. [24].
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Figure 2.39. Electrochemical impedance spectra of (a) the LNF cathode and (b) the LNF cathode
with LNF-GDC functional layer under the exposure to Cr vapors at 750 °C in open circuit
condition. Ref. [25]. (c) Specific polarization resistance changes for 1000 h of the pure LNF
cathode and of the 21.3 wt.% GDC-impregnated LNF cathode under a cathodic current density of
50 mA cm-2 under the exposure to Cr vapors at 750 °C. Ref. [26].

Ruddlesden-Popper (RP) type materials, such as La2NiO4 (LNO) and Nd2NiO4 (NNO), are
additional candidates. Yang et al. evaluated the long-term stability of NNO by measuring the
oxygen surface exchange coefficient (kchem) for long durations (approximately 1500 h) at 600 °C
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[30]. The reduction of kchem during the measurement was negligible, proving the NNO tolerance
to Cr poisoning. However, this finding was invalidated when the real cell test was conducted at a
higher temperature (700 °C) for 1000 h, where Cr accumulation at the NNO/electrolyte interface
and secondary phases, such as NdCrO4 and Nd4Si3O12, were observed [31]. Similarly in LNO, the
Cr contamination was not clearly observed in the short-term test, but the long-term test
(approximately 3500 h) for LNO and LSC revealed that the stability of LNO was not significantly
greater than that of LSC [32, 33]. Pr-substituted RP materials, such as Pr2NiO4 and Pr oxides
(Pr6O11), have shown great potential as impurity-tolerant air-electrodes (Figure 2.40) [34]. They
also exhibited long-term reliability and resistance to CO2 [35–38], but their stability against Cr
vapors remains to be evaluated. Also, Ag can be adopted to improve the electrochemical properties.
The synthetic effect of CeOx–Ag compounds was recently reported by K. C. et al. [39].

Figure 2.40. (a) Power density of cells with LSM, LSCF, P2NO, and BSCF cathodes as a function
of time at 750 °C and 0.8 V. Ref. [35]. (b) Arrhenius plots of the polarization resistance of Gddoped ceria backbones infiltrated with Pr6O11 and that infiltrated with NiO and Pr2NiO4+δ,
compared with those of reported results for La2NiO4+δ infiltrated into GDC, Sm0.5Sr0.5CoO3-δ
infiltrated into SDC, and La0.6Sr0.4CoO3-d infiltrated into GDC. Ref. [36].
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Another approach is to encapsulate the cathode particles with protective layers to mitigate
the contamination from airborne impurities. T. Yan et al. fabricated a nanoscale Sr(Co,Ta)O3 (SCT)
capping layer on an LSCF-GDC electrode by an infiltration method to retain excellent ORR
activity and Cr-resistance owing to the SrO-free surface of the SCT layer (Figures 2.41a and 2.42b).
Similarly, X. Zhao et al. made a Sr(Co,Ni)O3 layer on LSCF particles, improving the tolerance to
Cr vapors (Figures 2.41c and 2.41d). In addition to the encapsulation with capping layers,
decorating the surface with nanoparticles can improve the impurity resistance. For instance,
BaCoO3 nanoparticles decorated on the LSCF surface enhanced the ORR kinetics and Cr-tolerance,
as shown in Figures 2.41e and 2.41f. These results indicate that coating the cathode particles with
ACoO3 (A = alkaline earth metals) materials can improve both the electrochemical properties and
the stability against airborne impurities.
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Figure 2.41. (a, b) Schematic illustrating the effect of calcination temperature on Sr(Co,Ta)O3
morphology, and Time-dependent polarization resistance of the untreated and infiltrated cathodes
in clean and Cr-containing atmospheres. Ref. [40]. (c, d) Diffusion reaction diagram for
LSCF@NF cathode when heated at high temperatures, and Evolution of the polarization and ohmic
resistances of a bare LSCF and LSCF@NF cathodes with a contact of Cr alloy operated at 750 °C
for 400 h. Ref. [41]. (e, f) Schematics of symmetrical cells with BCO-LSCF cathode for Crpoisoning test, and Polarization resistance change for 100 h in the presence of Cr vapor of a bare
LSCF and a BCO-LSCF at 750 °C. Ref. [42].
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As for CO2-tolerant cathodes, their chemical stability can be predicted by calculating the
average metal-oxygen bonding energy from enthalpy [43, 44]. By introducing and doping nonalkaline-earth catalytic elements, researchers were able to deliberately design CO2-tolerant cathode
materials. Y. Chen et al. incorporated Ca in PrBaCo2O5+δ to form the PrBa0.8Ca0.2Co2O5+δ (PBCC)
double perovskite. PBCC showed excellent CO2 resistance and ORR performance compared with
LSCF (see Figure 2.42). F. Lu et al. reported that the substitution of Ta for Co in PrBaCo2O5+δ
improved not only the ORR activity but also the CO2 resistance [45]. There has also been interest
in researching a Co-free electrode as the Co oxide cost increases with increasing demand for Liion batteries. J. Gao et al. studied the B-site doping effects in Bi1-xSrxFeO3- δ (BSF). They showed
that the doping of Ta and Ti enhanced not only the electrocatalytic activity but also the stability
against CO2 (Figures 2.43a–2.43d). It is thus indicated that the resistance to CO2 can be achieved
by reducing the content of Co and alkaline earth metals, which is consistent with the results
displayed in Figure 2.43e.
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Figure 2.42. (a) Durability of PBCC and the LSCF cathode in various concentrations of CO2 under
OCV conditions. Insets are the EIS of PBCC in different concentrations of CO 2: 10% (top), 5%
(middle) and 1% (bottom). (b) In situ surface enhanced Raman spectra of LSCF and PBCC thin
films at 500 °C in an atmosphere of pure O2 or O2 with 10% CO2. Ref. [46].
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Figure 2.43. (a) Nyquist plots of BSFT0.10 cathode at 700 °C in various CO2 concentration and
(b) Time-dependent polarization resistance of BSF and BSFT0.10 cathodes at 700 °C in air and
various CO2 concentration. Ref. [47]. (c) Impedance diagrams and (b) short-term stability of the
BSFT0.15 electrode in various CO2 concentrations at 700 °C. Ref. [44]. (e) The trend of ORR
activity and CO2 tolerant performance for undoped SrCoO3 and Nd and/or Nb doped SrCoO3. Ref.
[48].
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Besides the structure design at a unit cell level, the surface modification of established
electrodes can improve the CO2 resistance, which may require sophisticated nanotechnology. W.
Zhou et al. made a hierarchical La-Ni shell on BSCF by microwave plasma treatment to improve
the electrochemical performance (Figures 2.44a–2.44c). J. Li et al. fabricated a core-shellstructured cathode [PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) @ La2NiO5+δ (LN)] [49]. With the LN
layer, the polarization resistance of PBSCF significantly decreased, while the polarization loss in
the CO2-containing atmospheres remained almost unchanged; otherwise, PBSCF suffers a
performance reduction in the presence of CO2. It was also demonstrated that the formation of a
ceria-based protective layer on Sr(Co,Ta)O3 and BSCF improved the stability under a high
concentration of CO2 (Figures 2.44d–2.44f). A similar effect was observed for Pr2O2SO4 (see
Figure 2.44g). Particularly, the coatings of Ce and Pr oxides on the cathodes were found to improve
both the electrochemical properties and the chemical stability to airborne impurities, including Cr
vapor and CO2. The state-of-the-art cathode, LSCF, continues to suffer from Sr segregation due to
its affinity to contaminants. The coating of LSCF with an LSM layer suppressed the cation
segregation, improving the chemical stability and ORR activity [50].
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Figure 2.44. (a) Arehnius plots of ASRs of the various electrodes based on the symmetric cells
(BSCF-6%LN and BSCF-26%LN are the BSCF-LN cathodes before MP treatment). (b) The
impedance spectroscopy of a hierarchical LN shell with 26 wt% LN measured at 600 °C in air, air
+ 10 vol.% CO2, and after removal of CO2 from air. (c) SEM image of the hierarchical LN shell
with 26 wt% LN. Ref. [51]. Comparison of (d) BSCF and (e) BSCF+SDC cathode impedance
profiles in response to ∼30 min of 10% CO2 treatment. (f) Weight percentage changes of SCT15
and SDC as a function of time when the atmosphere switched from 10% CO2 to air at 510 °C. Ref.
[52]. (g) Polarization resistances of a BSCF and 50 vol.% BSCF+Pr2O2SO4 cathodes after various
amounts of CO2 to air at 600 °C. Ref. [53].
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For the protective outer layer, aside from the impurity-tolerant catalytic materials,
impurity-absorbent materials can be used to mitigate the poisoning from gaseous impurities. In the
case of SO2 poisoning, the infiltration of Mg/Fe in (Sm,Sr)CO3 and BaCeO3 in LSCF enables the
electrodes to endure by absorbing the incoming SO2 impurities (Figures 2.45a–2.45e). It was found
that Ba has a high affinity to Cr vapors and SO2, forming BaCrO4 and BaSO4, respectively [54,
55]. Moreover, the impurity absorbent or filter can be set outside the cell assembly to suppress the
impurity concentration in the atmospheric air. P. Cheng et al. developed fibrous MnOx/γ-Al2O3
composites as SO2 absorbent [56], while J. A. Schuler et al. used a (La,Sr)CoO3-based porous filter
for capturing the Cr species [57].
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Figure 2.45. (a–b) Results of a power-generation test using an SSC/LSGM cell at a fixed voltage
of -0.30 V between cathode working and reference electrodes: (a) SSC-nanofibers, and (b) SSCnanofibers with Mg/Fe layer. Ref. [58]. (c–d) Overpotential change of (c) LSCF and (d) BaCeO3–
LSCF under cathodic current passage at 200 mA cm−2 at 700 °C for 40 h in the presence of 1 ppm
SO2 in air. (e) XRD patterns: (b) LSCF after cathodic current passage at 200 mA cm−2 at 700 °C
for 40 h in the presence of 1 ppm SO2 in air; (a) and BaCeO3–LSCF electrodes after cathodic
current passage at 200 mA cm−2 at 700 °C for 40 h in the absence and (c) presence of 1 ppm SO2
in air. Ref. [59].
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2.3.3. Development of Oxidation-Resistant Alloys
Cr poisoning of air-electrodes is caused by volatile Cr vapors evolved from Cr2O3 scales
on the Cr-containing alloy IC located between the SOFC stacks. Despite the volatilization of the
Cr2O3 scales, the addition of Cr in the alloy is inevitable as it plays a central role in protecting the
alloys from oxidation and corrosion at high temperatures while keeping suitable electric
conductivity. In an effort to mitigate Cr vaporization, the alloy chemistry of ICs has been tuned
and optimized. Crofer22 APU (ThyssenKrupp VDM), ZMG 232 (Hitachi Metals), and SUS430
are widely used alloys for SOFC applications [60]. The effects of diverse additive elements have
been studied. It was found that the alloys containing Mn at high temperatures yielded (Cr,Mn)3O4
spinel on the top surface, which generates less Cr vapors than Cr scales (Cr2O3). The addition of
Cu was considered to improve both oxidation resistance (significantly) and electrical conductivity
[61, 62]. The alloy containing La at high temperatures led to the formation of La-oxides and
(Mn,Cr)3O4 spinel on the surface, which is considered to increase the inward oxygen transport.
Thus, La introduction increases the electrical conductivity and decreases the oxidation resistance
[62]. Al tends to be readily oxidized and forms alumina scales, which greatly minimizes the Cr
vaporization but increases the electrical resistance since it is electrically insulative [63].
ZMGTM232G10, developed by Hitachi Metals, is a compelling example to show the
beneficial effects of the additives. By introducing Cu and W, the Cr-Fe alloy was able to enhance
the oxidation resistance (mass gain less than 2 mg cm-2 at 850 °C for 4000 h) and electrical
conductivity (approximately 7 mΩ cm-2 at 750 °C), as shown in Figure 2.46 [64, 65]. Additional
optimization is still needed to suppress the Cr generation as the reduction in the Cr vaporization
was insignificant (Figure 2.46d).
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Figure 2.46. Property comparison between ZMG232L and ZMG232G10: (a) Chemical
compositions. (b) EPMA element maps of the cross-sectional microstructure after the aging at
850 °C for 10,000 h in air. (c) Electrical resistances of the samples pre-oxidized at 850 °C for
1,000 h, measured at 750 °C in air. (d) Normalized Cr concentration on the surface of ceramic
plates. Adopted from the specification datasheet. Ref. [64].

Further achievements have been made by surface modification such as surface coating and
pre-oxidation. Surface coating, despite its extra cost, can effectively suppress Cr vaporization by
covering the surface chromia scale with oxide layers. Spinel coating is a cost-effective and efficient
way to suppress the migration of Cr into the surface. A Mn–Co–O system (e.g., MnCo2O4 and
Mn1.5Co1.5O4) has been considered as the best combination in terms of electric conductivity and
coefficient of thermal expansion (CTE), as can be seen in Figures 2.47 and 2.48 [1–6]. The efficacy
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of the layer is enhanced as the coating density increases, as shown in Figure 2.49 [7, 8].
Nevertheless, its long-term must be improved as the exposure to the SOFC operating conditions
leads to the spallation of coating layers at the interfaces [70, 74].

Figure 2.47. (a) SEM-EDS line scan of the cross-section of T-411: (a) bare alloy after electrical
evaluation at 800 °C in air for 500 h and (b) spinel-coated alloy after electrical evaluation at 800 °C
in air for 1000 h, and (c) Area-specific resistance of bare and spinel-coated T-441 as a function of
time. Ref. [69].

- 90 -

Figure 2.48. (a) Voltage evolution over time of a single repeating unit from a metallic interconnect
(MIC) coated with porous MnCo2O4 in a stack tested for 10000 h. (b) Scale evolution for 18,000
h at different MIC interfaces. Ref. [70].
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Figure 2.49. (a–c) SEM backscatter electron images of Crofer 22APU coated with MnCo1.7Fe0.3O4
at different densities. (d) Mass change over time of a bare and MnCo1.7Fe0.3O4-coated Crofer
22APU at 800 °C in air recalculated to include mass change and “equivalent age” of samples after
sintering heat treatment. Lines show an extrapolation of the mass change based on the parabolic
rate constants. Ref. [72].

There are also other spinel materials being investigated as the protective layer. The Cuand Co-containing spinel layers, such as CuFe2O4, MnCo2O4, CuMn1.8O4, MnCo2-xCuxO4, or
NiFe2O4, played an effective role in reducing the electrical resistance, improving the oxidation
resistance, and suppressing the Cr vaporization, as can be seen in Figures 2.50 and 2.51 [75–81].
The pre-oxidation of the coating layer may help with structure stabilization and adhesion,
enhancing the protective effect [82].
Several composite coatings of Ni, Co, and Mn were studied by Y. Shio et al. It was shown
that a thin Ni layer between the coating layer and ICs improves the adhesion of the composite
coating layer; however, a thick Ni layer reduces the oxidation resistance and electrical conductivity
at high temperatures [83]. They suggested that the combination of a thin Ni layer and a thick Co
or Co-Mn layer would be the best choice to inhibit element diffusion while retaining adequate
electrical properties. Similarly, the coating of (Fe,Co,Ni)3O4/(Ni,Co)O effectively enhanced the
electrical conductivity while possessing great chemical compatibility with the LSCF electrode [84].
Double-layered coatings using CeO2 have been studied as the protective layers. Y. Li et al.
showed that multiple coatings of Ni/CeO2 restrain the growth of Cr2O3 scales and improve the
electrical conductivity, presumably due to CeO2 [85]. Magraso et al. reported that a dual-layer
coating of Ce (10 nm)/Co (640 nm) further enhanced the oxidation resistance and electrical
conductivity compared to a Co layer (640 nm) [86]. The long-term (4 years) corrosion test of
Ce/Co-coated AISI441 validated that the double-coating layer suppressed the Cr vaporization and
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successfully retained the low electrical resistance even after exposure at high temperatures (800 °C)
for 38 000 h [87]. It is suggested that the thicker outer Ce layer (greater than 10 nm) would prolong
the lifetime of the inner Co coating layer.

Figure 2.50. Area specific resistance of Crofer 22APU coated with MnCo2O4 (MC),
MnCo1.7Cu0.3O4 (MCCu), and MnCo1.7Fe0.3O4 (MCFe), measured in air at 800 °C using LSM as
contacting plates and a current density of 0.5 A cm−2. Ref. [76].
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Figure 2.51. Comparison of the polarization resistance (Rp) before and after 48 h of open-circuit
conditions. Ref. [78].

2.3.4. Development of Glass Sealant Materials
Borosilicate glass has been widely used for high-temperature applications owing to its high
resistances to thermal shock. As a promising glass-forming constituent, boron oxide helps control
glass transition/softening temperatures and CTE. However, at high operating temperatures,
volatile B species are likely to contaminate the adjacent cathode materials, deteriorating the
cathode performance (see Section 2.2.3). Thus, the vaporization of B needs to be suppressed by
reducing the amount of B2O3 constituent or by introducing any B-stabilizing dopants.
K. Chem et al. [88] reported that the addition of Bi and Zn in borosilicate-based glass
suppressed B vaporization in different ways (Figure 2.52). Bi-doping increased B binding energy
by the [BO3]-to-[BO4] transition, while Zn-doping induced the formation of a B-containing
compound (Sr3B2SiO8), stabilizing B in the glass. Similar effects were found for Gd and Ni oxides.
- 94 -

It was suggested that Gd oxides are preferentially located in the borate-rich area to induce the
formation of Gd-metaborate and Ca-metaborate (CaB2O4) structures, while Ni oxides promoted
Si-O-B linkages to form more Sr3B2SiO8, reducing the B volatility (Figure 2.53) [89].

Figure 2.52. Polarization curves for the O2 reduction reaction on LSCF cathodes under cathodic
current passage at 200 mA cm-2 and 700 °C for 20 h in the presence of (a) borosilicate, (b) Bidoped (2 mol %) borosilicate, and (c) Zn-doped (16mol %) borosilicate. Ref. [88].

Figure 2.53. (a) Comparison of polarization resistance of LSCF cathodes before and after the
cathodic current passage at 200 mA cm−1 for 20 h in the presence of Ni-free borosilicate (AN0),
Ni-doped (2 mol%) borosilicate (AN2), and Ni-doped (6 mol%) borosilicate (AN6). (b) XRD
patterns of the glasses after heat-treatment at 700 °C for 1000 h. Ref. [89].
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2.4. Characterization Techniques
2.4.1. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) has been recognized as a powerful tool to
understand the electrochemical reactions taking place in SOFCs. EIS is conducted by applying a
range of frequencies at a perturbation amplitude and measuring the cell impedance. Impedance
[Z(ω)] is defined by the equation: Z(ω) = V(ω) / I(ω), where ω is the angular frequency defined as
ω = 2fπ. The external potential is expressed by V = V0 cos(ωt). The response current (I) is shifted
in phase (ф), having a different amplitude than I0 [i.e., I = I0 cos (ωt + ф)], as shown in Figure
2.54a.

Figure 2.54. (a) Impedance measurements are based on applying a sinusoidal voltage with a certain
frequency and measuring the current response. (b) Impedance expressed as the modulus Z0 and the
phase angle ф. Ref. [1].

By substitution, the impedance, Z, can be expressed by Eq. (3):
𝑍=

𝑉
𝐼

=𝐼

𝑉0 𝑐𝑜𝑠(ω𝑡)

0 cos(ω𝑡+ф)

cos(ω𝑡)

= 𝑍0 cos(ω𝑡+ф) (3).

Euler transformation [exp(jx) = cos(x) + jsin(x)] allows Z to be described in terms of Z0 and ф as
a complex function. By the substitution of V = V0 exp(jωt) and I = I0 exp(jωt – ф),
𝑧=

𝑉
𝐼

=𝐼

𝑉0 exp(jωt)

0

exp(jωt – jф)

= 𝑍0 exp(𝑗ф) = 𝑍0 (cosф + 𝑗sinф) (4)
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As demonstrated in Eq. (4), Z(ω) consists of real and imaginary parts. Thus, Z(ω) can be defined
in Cartesian coordinates with the real part plotted on the x-axis and the imaginary part plotted on
the y-axis, which is called a ‘Nyquist plot’ (Figure 2.54b). As Nyquist plots do not contain the
frequency information, Z(ω) is often displayed by a Bode plot that draws the impedance magnitude
or phase angle as a function of frequency. In this way, the EIS data can be represented in Nyquist
and Bode plots. R-C impedance is the most common technique applied for evaluating SOFC
electrodes, the equation for which is shown as Eq. (5):
𝑍𝑅𝐶 =

1
𝑍𝑅 +𝑍𝐶

=

1
𝐼
+𝑗ωC
𝑅

=

𝑅
1+𝑗ωRC

𝑜𝑟

𝑅
1+𝑗ω𝜏𝑅𝐶

(5).

As the frequency decreases, the capacitor impedance increases, which causes the current to flow
through the resistor instead of the capacitor. This results in a semicircle in the Nyquist plot, as
shown in Figure 2.55. The source of impedance can be therefore estimated from the Nyquist plot.
The typical impedance curve and impedance response at different frequencies are displayed in
Figure 2.56. Based on this knowledge and an equivalent circuit model, the impedance response
from SOFCs by EIS allows us to determine the electrochemical reaction and kinetics.

Figure 2.55. Schematic Bode and Nyquist plots of EIS data from a serial resistor and capacitor (RC circuit). Ref. [2].
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Figure 2.56. Typical Nyquist plot for fuel cells and origins. Ref. [3].

Figure 2.57 shows an example of the application of EIS in SOFCs. The equivalent circuit
of the SOFC stack in the study is depicted in Figure 2.57a. The impedance response, which was
recorded at three different fuel and atmospheric conditions, enables us to identify the origin of the
impedance at a range of frequencies (Figure 2.57b). The ohmic resistance at high frequencies
comes from the electrolyte and contact resistances inside the stack. The polarization resistance at
high frequencies is attributed to the anode, while the polarization resistance at intermediate
frequencies is attributed to the cathode. The impedance at low frequencies is driven by gas
conversion (e.g., flow rate and concentration of the fuel gas). Figure 2.57c shows the effect of the
electrical current on the resistance. In the OCV condition, the contribution of the gas conversion
impedance to the overall polarization resistance is highest, and it decreases with increasing current.
This is defined by the following relationship:
𝑅𝑇

𝑅𝑝 = 𝑧𝐹𝑖 (6),
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where Rp is the polarization resistance, R is the gas constant, T is the temperature, z is the number
of electrons, F is the Faraday constant, and i is the current density [4].
Skewed and suppressed Nyquist curves are often observed from experimental EIS data, as
can be seen in Figure 2.57a, and are influenced by the electrode geometry and thickness. Figure
2.58 shows the influence of the electrode thickness on the shape of the Nyquist curves [5]. When
the electrode thickness (L) is much smaller than the characteristic alternating current (AC)
penetration thickness (λ), i.e., L < λ, the Nyquist plot has a symmetrical semicircular shape.
However, when L is larger than λ (i.e., L > λ), asymmetric/depressed semicircles are generated
because surface exchange and solid-state diffusion contribute significantly to the impedance.

Figure 2.57. (a) Equivalent circuit for a SOFC stack. (b) Corresponding Nyquist diagram at 800 °C,
OCV, and different operating gases. (c) Bode diagram at 800 °C, H2+N2/air, and different current
densities. Ref. [4].
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Figure. 2.58. Possible impedance spectrum shapes of porous electrodes with different thicknesses,
where λ is the characteristic AC penetration thickness and L is the thickness of the electrode. Ref.
[5].

The contribution of electrochemical reactions to the impedance response at different
frequency ranges for the air-electrode is exhibited in Figure 2.59. The charge transfer occurs via
oxygen adsorption and reduction at the air/electrode interface and oxygen ion transfer through the
electrode (in MIEC) or electrode/electrolyte interface (in EC). The activation barrier for the ORR
in cathodes is called the polarization resistance (Rp). The ohmic resistance (RΩ) is mostly attributed
to ion transfer through the electrolyte. The impedance response of each component of the
electrochemical process depends on the frequency of the AC; high frequencies correspond to
ohmic impedance, while intermediate and low frequencies correspond to non-ohmic impedance
(i.e., cathode polarization at the electrode/electrolyte interface, electrode bulk, and air/electrode
interface). The contributions of the impedance can be quantitatively separated by fitting to the
equivalent circuit model.
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Figure 2.59. Schematic of the electrochemical reactions corresponding to the impedance response
at different frequency ranges. Ref. [6].
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2.4.2. Transmission Electron Microscopy
To study the influence of traces of airborne contaminants on cathodes, analyses of the bulk
and surface structure at the nanoscale are required because the ppm or ppb levels of the impurities
may not cause severe structural changes despite a significant reduction in electrochemical
performance. Amongst diverse microscopies and spectroscopies, transmission electron
microscopy (TEM) has been considered the most efficient and versatile technique to conduct
qualitative and quantitative analyses of nanostructures. When a high-energy electron beam is
incident on a specimen, the electron interacts with the specimen emitting various characteristic Xrays and electrons (Figure 2.60). TEM uses the transmitted electrons to generate an image. As
electrons are much smaller than atoms, the electron image can have a sub-nanoscale resolution. A
high-voltage energy beam is usually preferred to produce high-resolution images, theoretically by
Eq. (7):
0.61𝜆

𝛿 = 𝜇 sin 𝛽 and 𝜆 =

1.22
√𝐸

(7),

where δ is the resolution (i.e., smallest distance that can be resolved), λ is the wavelength of the
radiation, μ is the refractive index of the viewing medium, β is the semi-angle of collection of the
magnifying lens, and E is the incident beam energy.
Figure 2.61 shows a diagram of the TEM structure and the imaging process. The incident
electron beam (E-beam) converges to a spot through the magnetic condenser lens, adjusting the
focus on the sample. The actual resolution is bound to be less than the theoretical value because
of spherical and chromatic aberrations that occur during focusing [7]. Chromatic aberration is
caused by the variation in the refractive index of the lens in the range of wavelengths (Figure
2.62a). The degree of deflection depends on the beam dispersity. Selecting a single-wavelength
beam through filters can solve this problem. Spherical aberration occurs when waves, which pass
- 114 -

through the center of the lens, are refracted less than the waves that pass through the edges of the
curved lens. Thus, the beam waves, which were parallel before passing through the lens, do not
converge to a single point (Figure 2.62b).
It was believed that high-voltage TEM exhibited great performance providing high
resolutions because (1) it reduces the adverse effects caused by the spherical and chromatic
aberrations, and (2) it enables us to observe thicker samples. However, the high voltage can affect
the sample’s structure, especially for those sensitive to knock-on damage (e.g., metals and
semiconductors) because the damage increases as the accelerating voltage increases (knock-on
damage is a term describing the displacement of atoms from the crystal lattice and thereby the
formation of point defects, namely sputtering) [8].
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Figure 2.60. Schematic illustrating the signals generated from the interaction of a high-energy
beam of electrons with matter. Ref. [9].

Figure 2.61. Typical TEM structure and procedure to acquire the image. Ref. [10].
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Figure 2.62. Paths of rays for spherical aberration (a) and chromatic aberration (b). Ref. [11].

Focused Ion Beam for sample preparation
Focused Ion Beam (FIB) is often used to prepare thin specimens (tens of nanometers in
thickness) that allow for electron transmission for TEM analysis. In SOFC characterization, it is
standard practice to examine cross sections throughout the sample from the surface to the inside.
Figure 2.63 and 2.64 display the FIB sampling procedure: (1) Pt/C deposition onto the targeted
area to protect the sample from ion-sputtering; (2) trench milling with a high current in the front
and back of the specimen; (3–5) cutting at the base and both sides while fixing a probe; (6) picking
up the micro-sample with the probe; (7&8) fixing the specimen onto a TEM grid; and (9) thinning
the specimen with low-current ion beams.

Figure 2.63. FIB micro-sampling procedure. Ref. [12].
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Figure 2.64. SEM images of the basic FIB milling steps. Ref. [13].

Electron energy loss spectroscopy
Electron energy loss spectroscopy (EELS) is an analytic technique for atomic-scale
material characterization (composition, electronic structure, and optical properties) in TEM, which
interprets the energy loss of inelastically scattered electrons that pass through the specimen. Figure
2.65 shows the major interactions experienced by the E-beam passing through a material. Amongst
these interactions, the energy loss of the incident electron is a main concern for the EELS
application. In terms of recording data, there are two approaches: spectroscopy mode and energy
filtering mode. The purpose of the former approach is to obtain the spectra of energy losses of the
electrons, while the purpose of the latter is to reproduce straightforward elemental images using
energy filters. A typical EELS spectrum is shown in Figure 2.66. There are three regions
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commonly used for the interpretation: zero loss peak (ZLP) at around 0 eV, valence EELS (or lowloss EELS) at below 50 eV, and ionization edges (also called core-loss or high-loss EELS) at above
50 eV. First, the ZLP region is produced by elastically scattered electrons with almost no
interaction. Thus, it represents the energy spread and energy resolution of the E-beam. As its
intensity is the most prominent (Figure 2.66), a logarithmic scale is often used to display the whole
curve. Second, the low-loss EELS region, which is mainly composed of plasmon excitation
(collective excitation) and inter-band transition (single excitation) is formed by the excitation of
the valence band electrons weakly bound in the outer shell. If an amount of energy that is
insufficient to eject a valence electron from the specimen is transferred, then the electron will be
excited from an occupied state into an unoccupied state in an inter-band transition. This excited
state would eventually be relaxed by emitting light, causing the excited electrons to lose energy in
the low-loss EELS region. The ZLP can be used to not only analyze local electronic and optical
properties of materials but also measure specimen thickness. Third, the core-loss EELS region is
caused by the excitation of core electrons into an unoccupied electron state in the inner shell,
leading to ionization above the Fermi level. This excited state is subsequently relaxed through Xray emission. The core-loss EELS is used more frequently for characterization than the low-loss
and zero-loss EELS. As shown in Figure 2.66, the energy loss suddenly increases in intensity when
the ionization occurs, producing different shapes and curves depending on the elements and their
structure. Thus, the ionization edges provide very useful information for the fine structures of
materials, including electronic structure and bonding. As its signal is much weaker than that of the
others, the core-loss spectrum is often enlarged, as shown in Figure 2.66. EELS is advantageous
for analyzing light elements that are not clearly shown by Energy-dispersive X-ray spectroscopy
(EDS), while having higher sensitivity and spatial resolution than EDS.
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Figure 2.65. Schematic illustrating the different scattering and excitation processes in electron‐
beam instruments. Ref. [14].

Figure 2.66. A typical spectrum of EELS. Ref. [14].
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CHAPTER 3: MECHANISM OF CHROMIUM POISONING OF La1-xSrxMnO3 AT LOW
TEMPERATURES

3.1. Abstract
The chromium poisoning of a well-established SOFC cathode, La1-xSrxMnO3±δ (LSM), at
low temperatures (550–650 °C) has been studied. The electrochemical test of LSM|YSZ half-cell
is conducted at 550 and 650 °C in the exposure to Cr vapors. A rapid decrease in the current density
attributed to the polarization resistance increase is observed for both tests at 550 and 650 °C. The
LSM electrodes exposed to the Cr vapors for 100 h during the measurement are analyzed using
FIB-STEM to understand the mechanism of Cr contamination. Elemental mapping images show
the high concentration of chromium near the LSM/YSZ interface, and electron diffraction patterns
identify the Cr compounds as Cr2O3 and (Mn,Cr)3O4 phases. These results demonstrate the
preferential deposition of Cr vapors at the LSM/YSZ interface owing to electrochemical reduction
reaction of gaseous Cr species [2CrO2(OH)2 (g) + 6e– electrode → Cr2O3 (s) + 2H2O (g) + 3O2– electrolyte]
at the triple phase boundary (air/electrode/electrolyte) at the temperature range examined in this
study.

3.2. Introduction
SOFCs have great potential as a next-generation energy source that is alternative to
conventional combustion technology, owing to the excellent energy conversion efficiency, fuel
flexibility, environmental acceptability, and flexible scalability, thus allowing for diverse
applications with increasing demand for sustainable energy resources. However, the high operating
temperature (900–1000 °C) causes some issues regarding the long-term stability of the system,
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thus requiring high-quality durable materials such as LaCrO3-based ceramic interconnects, albeit
at high cost [6]. Operating SOFCs at intermediate temperatures brings significant advantage,
including improved stability by allowing for the use of metallic interconnects, which have higher
thermal/electrical conductivities, greater mechanical stability, easier machinability, and lower
costs [7], compared with those of ceramic interconnects such as LaCrO3-based ones.
To data, chromium-containing metal alloys are the leading IC and BoP materials of choice
for SOFC systems, due to the corrosion and oxidation resistance at high temperatures [1]. Chromia
scales on the high-temperature alloys, however, are prone to releasing volatile Cr species under
SOFC operating conditions [8]. The presence of gaseous Cr species is detrimental to the long-term
stability of SOFC cathodes by forming undesired reaction products and degrading electrochemical
performance. For instance, in the case of (La,Sr)MnO3 (LSM) based cells, Cr species tend to
deposit at the LSM/electrolyte interface blocking the path of oxide-ion transfer [9–11]. In the case
of (La,Sr)(Co,Fe)O3 (LSCF) based cells, not only form non-conductive SrCrO4 on the surface,
but also deposit chromium on LSCF grain boundaries accompanied by Fe-Co co-segregation
[12,13], resulting in the performance degradation. Similar reactions are found for other cathode
composites, such as (La,Sr)FeO3 (LSF), (La,Sr)CoO3-δ (LSC), (La,Ba)(Co,Fe)O3 (LBCF) and
(Ba,Sr)(Co,Fe)O3-δ (BSCF) [14,15].
The effect of Cr contamination is considered significant at high temperatures and humid
conditions as the vaporization of Cr species is promoted [2–4]. Based on the thermodynamic study
of chromia vaporization, the major Cr vapor species were found to be CrO3 (g) and CrO2(OH)2 (g)
at low and high partial pressures of H2O, respectively, where the partial pressure of CrO2(OH)2 (g)
is higher than that of CrO3

(g)

in general. Correspondingly, the electrochemical performance

degradation by Cr poisoning was more severe in humidified air than in dry air. Particularly, LSM-
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based solid oxide cells are known to be very vulnerable to Cr contamination, which limits their
application in SOFC despite the stability and compatibility of LSM with other cell components at
high temperatures. Since the operating temperature of LSM-based cells is as high as 800–1000 °C,
the study of Cr poisoning of LSM has been commonly carried out at high temperatures (≥ 700 °C).
Although Cr vaporization is less significant at lower temperatures, it is still important to understand
the Cr poisoning mechanism of LSM at low temperatures (< 700 °C) for the potential use as
intermediate- and low-temperature SOFC electrodes. Indeed, efforts have been made, such as
surface modification and decoration,[5–7] to improve the performance of LSM electrodes and
decrease the operating temperature. Hence, the Cr contamination of LSM at low temperatures
needs further investigation.
In this work, we have studied Cr poisoning behavior of LSM electrodes at low temperature
(550 and 650 °C). The electrochemical performance of LSM|YSZ half-cells was recorded over
time in the presence of Cr vapors. The LSM exposed to Cr contaminants under the polarization
condition was then characterized using scanning transmission electron microscopy, identifying the
Cr deposition location and reaction compounds.

3.3. Experimental
3.3.1. Cell fabrication
Lanthanum strontium manganite ink ((La0.80Sr0.20)0.95MnO3-x, Fuelcellmaterials, USA)
blended with vehicle ink (terpineol-based; Fuelcellmaterials, USA) was painted (φ = 10 mm) onto
YSZ button electrolytes (φ = 25 mm and t = 0.25–0.30 mm; Fuelcellmaterials, USA) using a screen
printer (Model 810, Systematic Automation Inc., USA), followed by sintering at 1200 °C (at 3 °C
min-1) in ambient air for 2 h. Pt paste (ESL ElectroScience, USA) was blush-painted on the
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opposite side as an anode. Pt gauzes and wires were subsequently attached to the both side of the
cell as current collectors, and a Pt wire to the electrolyte as a reference current collector, followed
by heat treatment at 850 °C (at 3 °C min-1) for 1 h in ambient air. The structure and photos of the
as-prepared button-cell can be seen in Figure 3.1.

Figure 3.1. (a) Schematic diagram and photos of the as-prepared button cell for the electrochemical
measurement.

3.3.2. Electrochemical test
The test set-up for the electrochemical measurement of the half-cell is displayed in Figure
3.2. The as-prepared LSM|YSZ assembly was sealed using an alumina paste (Zircar Ceramics Inc.,
USA) onto an alumina tube of a test system which was pre-manufactured to have two separate gas
flows (e.g., air, and fuels) to the working electrode (cathode) and the counter electrode (anode).
The electrolyte and both electrodes of the cell were electrically connected to a potentiostat (VMP3,
Bio-Logic, France) through the holes in a small alumina tube next to the alumina tube. A type-K
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thermocouple was set up close to the cell to read the accurate temperature of the cell during the
test. An alumina cap was placed over the assemblage and then fastened with screws to seal the
whole assemblage (Figure 3.2c). It was inserted into a furnace and heated up to the test temperature
(550 and 650 °C) at 2–3 °C min-1. The current density and impedance were recorded at 550 and
650 °C for 100 h in order to investigate the electrochemical performance change in the presence
of Cr contaminants over time. During the measurement, dry air was injected into the anode side at
100 standard cubic centimeters per minute (sccm), while humidified air was supplied into the
cathode side through Cr2O3 pellet pieces placed in the inside tube to generate Cr vapors, as shown
Figure 3.2a. The impedance spectra were recorded under a bias of 0.5 V in the frequency range of
0.5 Hz to 200 kHz with a 10 mV sinus amplitude at an interval of 1 h.
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Figure 3.2. (a) Schematic representation and (b, and c) photographs of the test setup for the
electrochemical measurement of solid oxide cells.

3.3.3. Characterization
The LSM|YSZ half-cell exposed to Cr vapors for 100 h during the electrochemical test was
analyzed using field-emission scanning electron microscopy (FE-SEM; Quanta 250 FEG, FEI,
USA) equipped with energy dispersive X-ray spectrometry (EDS). The cross section of the cell
was sliced using a focused ion beam (FIB; Helios Nanolab 460F1, FEI, USA), and the specimen
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was analyzed using scanning transmission electron microscopy (STEM; Talos F200X S/TEM; FEI,
USA) at 200 kV. The partial pressures of major Cr species generated in SOFC operating conditions
were calculated using HSC Chemistry 6.0 (Outotec, Finland).

3.4. Results and Discussion
3.4.1. Chromium Poisoning of LSM at Low Temperatures
The electrochemical performance changes of LSM|YSZ half-cell for 100 h at 550 and
650 °C in the presence of Cr vapors are displayed in Figure 3.3. The current density decay is
observed for both cases. Particularly, the current density drops more rapidly at 650 °C than at
550 °C (Figure 3.3.a). Correspondingly, the semicircles of Nyquist impedance plots increase over
time while the intersection of the semicircle with the real impedance axis at the high frequency
keeps constant (Figures 3.3b and 3.3c), indicating the increase in polarization resistance. It is
generally known that the Cr poisoning of LSM at high temperatures (≥ 700 °C) is attributed to Cr
vapor deposition at the triple phase boundary (TPB) between air, electrode, and electrolyte where
the oxygen reduction reaction principally occurs [8–10]. As the current decay is very rapid in our
cases (Figure 3.3a), it is assumed that Cr vapors were predominantly deposited at the TPB covering
the reaction-active sites. In order to demonstrate this assumption, the LSM/YSZ interface was
observed using SEM and STEM.
Figures 3.3d and 3.3e show the SEM images of LSM/YSZ interfaces exposed to Cr vapors
for 100 h at 650 and 550 °C, respectively. A number of nanoparticles and nanorods are observed.
From EDS analysis (Figure 3.3f), a small signal of Cr is found, but it is not clear because the peaks
for Cr are overlapped with those for La and Mn. To clarify this, atomic resolution analysis was
carried out using STEM on a thin specimen of LSM/YSZ prepared by FIB. The elemental mapping
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images of the cross section of the LSM/YSZ interface, seen in Figure 3.4, clearly show the
distribution of chromium at the interface between LSM electrode and YSZ electrolyte, indicating
that the Cr vapors are predominantly accumulated at the TPB.

Figure 3.3. (a) Electrochemical performance (current density) change of the LSM|YSZ half cell
for 100 h at 550 °C and 650 °C in the presence of Cr vapors (e.g., CrO2(OH)2 (g) and CrO3 (g))
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released from Cr2O3 in humid air (3%H2O–air). (b and c) Corresponding impedance spectra of the
half-cell exposed to Cr vapors for 1, 5, 10, 60, and 100 h at 650 °C (left) and 550 °C (right). (d and
e) SEM images of the cross sections of the LSM/YSZ interface exposed to Cr vapors for 100 h at
650 °C (left) and 550 °C (right). (f) EDS spectrum of a selected area at the LSM/YSZ interface in
Figure 3.3d.

Figure 3.4. STEM elemental mapping images (Cr, O, La, Mn, Sr, Y, Zr, and Au) of the cross
section of the LSM/YSZ interface exposed to Cr vapors at 650 °C for 100 h during the
electrochemical test.

The Cr-rich area selected in the LSM/YSZ interface was further analyzed to identify Cr
compounds derived by Cr accumulation. Figures 3.5a and 3.5e show TEM images of the
LSM/YSZ interface, and their high resolution (HR) TEM images in Figures 3.5b and 3.5f clearly
show crystalline lattice fringes. Their fast Fourier transform (FFT) patterns (Figures 3.5c and 3.5g)
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allow for indexation. It is found that the fringe spacing of 0.23 nm corresponds to the {006} planes
of rhombohedral Cr2O3 (space group 𝑅3̅𝑐; lattice parameter of a = 4.960 Å and c = 13.598 Å)
while the fringe spacing of 0.36 nm corresponds to the {112} planes. The angle between (006) and
(112) in both the HR-TEM and FFT images is calculated to be 57°, which is identical to the
theoretical value of the angle between the {006} and {012} facets as shown in the atomic structure
model of the rhombohedral Cr2O3 (Figure 3.5d). In the same manner, the FFT pattern of the highresolution image in Figure 3.5f is indexed to spinel (Mn,Cr)3O4, (space group I41/amd; lattice
parameter of a = 5.9060 Å and c = 8.7650 Å). The 121° angle between (022) and (211) is well
matched with the theoretical value of the atomic structure model of the spinel (Mn,Cr)3O4, as
shown in Figure 3.5h. It is hence validated by TEM analysis that Cr vapors are likely to be
accumulated at the LSM/YSZ interface under polarization conditions even at low temperatures,
leading to the formation of Cr2O3 and (Mn,Cr)3O4.
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Figure 3.5. (a, e) TEM images of Cr-rich areas at the LSM/YSZ interface exposed to Cr vapors at
650 °C for 100 h. (b, f) High-resolution TEM images of the Cr-rich areas. (c, g) Fast-Fourier
transform patterns of the high–resolution TEM images, indexed to rhombohedral Cr2O3 and spinel
(Mn,Cr)3O4, respectively. (d, h) Atomic structure models of rhombohedral Cr2O3 (space group
𝑅3̅𝑐) and spinel (Mn,Cr)3O4 (space group I41/amd) corresponding to the high-resolution TEM
images in Figures 3.5b and 3.5f, respectively.
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To understand the Cr vapor accumulation and compound formation at the interface, we
need to take into account the partial pressures of Cr vapors and the oxygen deficiency at the TPB.
Figure 3.6 shows the partial pressures of major Cr vapors (CrO2(OH)2 (g) and CrO3 (g)) calculated
from thermochemical database (HSC Chemistry 6, Outotec, Finland) in the temperature range of
450–950 °C, and those reported by Chen et al.[3] and Hilpert et al.[8] for comparison. The most
abundant Cr vapor species are found to be CrO2(OH)2 and CrO3 in humid air and dry air,
respectively. The partial pressures of Cr vapors calculated using HSC database are lower than
those reported in the literature, but their degrees of slopes are similar to each other. The partial
pressure of CrO2(OH)2 (g) is higher than that of CrO3 (g) at all temperature ranges. Also, the degree
of slope of the partial pressure of CrO2(OH)2 is smaller than that of the partial pressure of CrO3.
Thus, it is indicated that the partial pressure of Cr vapors is less affected by temperature but more
by humidity. We therefore suggest that, even at low temperatures, the level of Cr vapors is still
enough to contaminate the electrode.
As for the formation of Cr2O3 and (Mn,Cr)3O4 at the LSM/YSZ interface, the chemical
stability of LSM and the oxygen vacancy at the TPB are considered the main reasons. Based on
the thermodynamic stability of LSM under the Cr vapors evaluated by density functional theory
(DFT) and first-principles thermodynamics analysis [11], LSM is supposed to be
thermodynamically stable to Cr vapors without reaction compound formation. Thus, Cr vapors can
entirely reach the LSM/YSZ interface. Once Cr species become in contact with the interface, they
are likely to be deposited by electrochemical reduction reaction (from Cr 6+ to Cr3+) at oxygendeficient sites of LSM/YSZ at the TPB. On the oxygen-deficient YSZ, the deposition of
CrO2(OH)2 and CrO3 species can form Cr2O3 via the following reactions.
2CrO2(OH)2 (g) + 3VO•• + 6e− → Cr2O3 (s) + 2H2O (g) + 3OO×
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2CrO3 (g) + 3VO•• + 6e− → Cr2O3 (s) + 3OO×
On LSM cathode, the formation of oxygen vacancies is compensated by partial reduction of Mn3+
to Mn2+ [12]. Since the generated Mn2+ ions are mobile, they would migrate onto the surface of
YSZ electrolyte and have a chance to react with Cr species forming (Mn,Cr)3O4 via the following
reactions (unbalanced) [13,14].
CrO2(OH)2 (g) + Mn2+ + e− → Cr−Mn−Onucleus + H2O (g)
CrO2(OH)2 (g) + Cr−Mn−Onucleus → (Cr,Mn)3O4 (s) + H2O (g)
CrO3 (g) + Mn2+ + e− → Cr−Mn−Onucleus
CrO3 (g) + Cr−Mn−Onucleus → (Cr,Mn)3O4 (s)
Such Cr compound formation at TPBs reduces the area of active sites for oxygen reduction reaction
and blocks the path of oxygen ion transfer, thereby increasing the cathode polarization resistance.

Figure 3.6. Partial pressures of major Cr vapors (CrO2(OH)2 (g) and CrO3 (g)) evolved from the
chromia scales (Cr2O3) of metallic components at the temperature range of 450–950 °C in humid
air (3%H2O) and in dry air, respectively, which are calculated from the Gibbs free energy database
in HSC Chemistry (Qutotec, Finland), and those reported by Chen et al. (Ref [3]) and Hilpert et al.
(Ref [8]).
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Figure 3.7. Schematic diagrams of (a) the process of oxygen reduction reaction (ORR; O 2 + 2e–
→ 2O2–) and oxygen ion transfer (O2– + Vo•• → Oo×) at triple phase boundaries (TPBs), and (b)
the process of Cr vapor deposition at TPBs (left) and the adverse effect of Cr compound formation
(mostly, Cr2O3 and (Cr,Mn)3O4) at TPBs (right).

3.5. Conclusions
Chromium poisoning behavior of LSM cathode at low temperatures (550 and 650 °C) has
been investigated by electrochemical tests and STEM analysis. In the presence of Cr vapors, the
electrochemical performance of LSM rapidly degraded due to the increase in cathode polarization
resistance. The STEM analysis revealed that Cr vapors (mainly CrO2(OH)2 (g)) are accumulated
predominantly at TPBs near the LSM/YSZ interface by electrochemical reduction reaction, owing
to the chemical stability of LSM and the high concentration of oxygen vacancies at TPBs, leading
to the formation of Cr2O3 and (Mn,Cr)3O4. This Cr compound formation at TPBs reduces the area
of active sites for oxygen reduction reaction and blocks the path of oxygen ion transfer, thereby
increasing the cathode polarization resistance. As such, the degradation mechanism by Cr
poisoning at low temperatures is identical to those at high temperatures (> 700 °C), corresponding
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to the fact that the partial pressure of Cr vapors is less affected by temperature but more by
humidity.
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CHAPTER 4: REVERSIBILITY OF SULFUR POISONING AND RECOVERY OF La1xSrxMnO3

AND La1-xSrxCo1-yFeyO3 ELECTRODES

4.1. Abstract
The reversibility of sulfur poisoning and recovery of the state-of-the-art SOFC cathodes
such as LSM and LSCF was evaluated. ElS measurements of LSCF|GDC and LSM|YSZ half-cells
were carried out in an alternating atmosphere of air and air–SO2 (g) (4 ppm) at 700 °C for hundreds
of hours. The electrochemical performance of the both half-cells decays after exposure to SO2 (g),
due to its physical/chemical absorption on the cathode surfaces. In the following flow of air (SO2–
free), the performance of the sulfur-contaminated LSM-based cell is recovered close to normal,
whereas that of the sulfur-contaminated LSCF-based cell is not well recovered. Correspondingly,
the surface of the LSM particles exposed to SO2 (g) during the electrochemical test is clean, whereas
the LSCF particle is found to have a modified morphology covered with numerous nanoparticles
mostly of SrSO4. The morphology modification is not concentrated near the cathode/electrolyte
interface but over the whole cathode. It is thus indicated that the degree of sulfur poisoning
recovery is closely related to the chemical activity of Sr in the cathode materials rather than to the
electrochemical reaction.

4.2. Introduction
For SOFC operation, air is supplied to the cathode side (thus also termed as air electrode)
while fuels are supplied to the anode side, in which the SOFC is kept at high temperatures (500–
900 °C). In this condition, any gaseous phases present in air can act as impurities that reduce the
electrochemical performance if reacting with cathode materials.
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Sulfur dioxide (SO2) is one of the representative impurities in addition to Cr vapors.
Although the concentration of SO2 is very low in air (75 ppb for hourly primary standard)[1], the
long-term exposure of the cathode to air flow can lead to contaminant deposition and reaction,
which degrades the cathodic activity for oxygen reduction [2,3]. The degradation caused by SO2
is slow but continuous and severe in the long term. Particularly, LSCF is considered vulnerable to
sulfur poisoning as the surface-segregated SrO is prone to react with SO2 forming SrSO4 [2,4,5].
The airborne SO2 might also contaminate LSM electrodes, although the effect may not be as severe
as on LSCF [6,7].
Despite the demonstration of the sulfur poisoning, it still remains to be clarified whether
the performance loss caused by the sulfur poisoning is permanent or recoverable when SO2 is free
from the supplied air. If the performance loss can be reversibly recovered in the absence of SO 2,
the sulfur poisoning would not be a critical issue anymore to be resolved.
In this chapter, the reversibility of sulfur poisoning and recovery of the state-of-the-art
SOFC cathodes such as LSM and LSCF is presented. The electrochemical performance of LSM
and LSCF based cells is recorded in an alternating atmosphere of air and air–SO2 (g) (4 ppm) at
700 °C for hundreds of hours. Their morphology and microstructure changes are observed using
SEM-EDS.

4.3. Experimental
4.3.1. Cell fabrication
For electrochemical tests, LSCF and LSM based solid oxide cells were fabricated as
follows. As electrolyte supports, Gd-doped ceria (GDC; Gd0.10Ce0.90O1.95; Fuelcellmaterials, USA)
and Yttria-stabilized zirconia (YSZ; 8 mol.% yttria; Fuelcellmaterials, USA) with diameter of 25
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mm and thickness of 250–300 m were used. As cathodes, LSCF ((La0.60Sr0.40)0.95Co0.20Fe0.80O3x;

Fuelcellmaterials, USA) and LSM ((La0.80Sr0.20)0.95MnO3-x; Fuelcellmaterials, USA) slurries

were used. The LSCF and LSM slurries were thoroughly mixed with an ink vehicle (terpineolbased; Fuelcellmaterials, USA) and then screen-printed onto the GDC and YSZ electrolyte
supports, respectively, using a screen printer (Model 810, Systematic Automation Inc., USA).
They were subsequently sintered in air at 1200 °C for 2 h with a ramp rate of 3 °C min -1. Each
electrode surface was attached with Pt gauze connected to a Pt wire using Pt paste (ESL
Electroscience) to serve as a current collector. In the same manner, the opposite side of the
electrode was attached with Pt gauze and wire. The edge of the electrolyte was also connected to
a Pt wire as a reference electrode. The assembled cells (LSCF|GDC|Pt and LSM|YSZ|Pt) were
heat-treated at 850 °C for 1 h in air for complete adhesion of the Pt paste. The as-prepared cells
were sealed onto an alumina tube using an alumina paste, separately. The Pt wires, connected to
the electrodes and electrolyte, were electrically linked to a potentiostat (VMP3, Bio-Logic, France).

4.3.2. Electrochemical test
The as-prepared LSCF|GDC|Pt and LSM|YSZ|Pt cells were sealed using an alumina paste
(Zircar Ceramics Inc., USA) onto an alumina tube of a test system, individually, which was premanufactured to have two separate gas flows (e.g., air, and fuels) to the working electrode (cathode)
and the counter electrode (anode). The electrolyte and both electrodes of the cell were electrically
connected to a potentiostat (VMP3, Bio-Logic, France) through the holes in a small alumina tube
next to the alumina tube. A type-K thermocouple was set up close to the cell to read the accurate
temperature of the cell during the test. An alumina cap was placed over the assemblage and then
fastened with screws to seal the whole assemblage (For details, refer to the test-setup configuration
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in Figure 3.2.). The assemblage was inserted into a furnace and heated up to the test temperature
(700 °C) at 3 °C min-1. The impedance spectra, as well as the current density, were recorded under
a bias of 0.5 V in the frequency range of 0.5 Hz to 200 kHz with a 10 mV sinus amplitude at an
interval of 1 h. During the measurement, dry air was injected into the anode side at 120 mL min-1,
while 4 ppm SO2 (air balance) or air was alternately supplied into the cathode side at 120 mL min1

. At the beginning, air was supplied to the cathode. Once the electrochemical performance

remained constant, 4 ppm SO4 was supplied to the cathode. After the exposure for hundreds of
hours, the feed gas was switched back to air.

4.3.3. Characterization
The cross sections of the LSCF|GDC and LSM|YSZ cells, which were exposed to the
alternating atmosphere of 4 ppm SO2 and air during the electrochemical test, were analyzed using
field-emission scanning electron microscopy (FE-SEM; Quanta 250 FEG, FEI, USA) equipped
with energy dispersive X-ray spectrometry (EDS). For comparison, an LSM|YSZ half-cell exposed
to 4 ppm SO2 (g) for 120 h at 700 °C during the EIS test was also analyzed using SEM-EDS.

4.4. Results and Discussion
4.4.1. Sulfur Poisoning Recovery of LSCF
Figure 4.1 shows the current density change of a LSCF|GDC half-cell for ~360 h at 700 °C
in the alternating atmosphere of air (0–36 h, and 215–358 h) and air–SO2 (g) (4 ppm) (36–215 h).
The corresponding impedance spectra are displayed in Figure 4.2. In air atmosphere (0–36 h), the
current density and impedance arc remain constant, indicating the structural stability of the
LSCF|GDC half-cell under air (Figures 4.1 and 4.2a). The 4 ppm SO2 (air balance) is supplied to
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the cathode at 36 h. As soon as the 4 ppm SO2 is injected, the current density rapidly drops while
the impedance arcs are enlarged and right-shifted, indicating the degradation of the
electrochemical performance in the presence of SO2.
For the next ~180 h (215–358 h) under the flow of SO2 gas, the current density decreases
(Figure 4.1), and the impedance arcs become enlarged and right-shifted (Figure 4.2b). The
enlargement of the impedance arcs is due to the increase in the cathode polarization resistance. As
the cathode polarization resistance is related to the cathode surface structure, it is considered that
the surface structure is modified by SO2 absorption and reaction. Also, the x-intercept of the
impedance arcs increases (Figure 4.2b), indicating the ohmic resistance increase. Any structural
changes near the LSCF/GDC interface may switch and elongate the ionic transport pathways in
the GDC electrolyte, thereby increasing the ohmic resistance. These assumptions will be verified
by SEM-EDS analysis (Figure 4.3a).
In order to investigate the reversibility of the sulfur poisoning and recovery of LSCF, the
flow gas is switched from 4 ppm SO2 to air. The current density seems to be rarely recovered under
the air flow (Figure 4.1). Noticeable changes are found in the Nyquist curves in Figure 4.2c. Over
time, the low frequency (LF) impedance arcs shrink and the ohmic resistances (R o) decrease, but
the high frequency (HF) impedance arcs are enlarged. It is generally assumed that the LF and HF
impedances are related to the surface diffusion of adsorbed oxygen and the bulk diffusion of
oxygen ions for the cathode, respectively, and that the Ro is associated with the oxygen ion transfer
in the electrolyte. Therefore, from the impedance arc changes, it can be deemed that the surface
LSCF structure modified by sulfur incorporation is somewhat recovered by the exposure to air.
However, this recovery may lead to the heterogeneity of the LSCF bulk structure, which hinders
the oxygen ion transfer.
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Figure 4.1. Electrochemical performance (current density) change of a LSCF|GDC half-cell for
~360 h at 700 °C in an alternating atmosphere of air (0–36 h, and 215–358 h) and air–SO2 (g) (4
ppm) (36–215 h). The corresponding impedance spectra are displayed in Figure 4.2.
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Figure 4.2. Impedance spectra of a LSCF|GDC half-cell for ~360 h at 700 °C in an alternating
atmosphere of air (a and c) and air–SO2 (g) (4 ppm) (b). The corresponding current density is
displayed in Figure 4.1.
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Figure 4.3.a shows SEM images of the cross section of the LSCF/GDC interface exposed
to the alternating atmosphere of air and air–SO2 (g) (4 ppm) for ~360 h during the electrochemical
test. The LSCF particle surface appears to have numerous nano-bumps indicative of Sr exsolution,
which is caused by SO2 absorption and SrSO4 formation. The nano-bumps could be composed of
sulfur-containing phases such as SrSO4. Correspondingly, the EDS spectrum from an LSCF
particle (No. 2 region) shows higher sulfur concentration than that from the cross-sectional particle
(No. 1 region): i.e., 2.4 at.% > 0.3 at.%, as can be seen in Figure 4.3b. The CoFe2O4 could also
have formed on the surface by Co/Fe segregation subsequent to the Sr exsolution. Furthermore,
close observation on the LSCF/GDC interface in Figure 4.3a shows several nano-bumps on the
GDC electrolyte particles (not well sintered), thus suggesting the possibility of the sulfurcontamination of the top surface of the GDC electrolyte (however, it may not occur under low SO2
concentration in the atmospheric air). Such structural changes are well agreed with the
electrochemical performance degradation seen in Figures 4.1 and 4.2.
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Figure 4.3. (a) SEM image of the cross section of the LSCF|GDC half-cell exposed to an
alternating atmosphere of air and air–SO2 (g) (4 ppm) for ~360 h during the electrochemical test.
(b) Atomic contents (%) of La, Sr, Co, Fe, and S in the core and surface of the LSCF particle (No.1
and 2, respectively), measured by EDS analysis.
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4.4.2. Sulfur Poisoning Recovery of LSM
Figure 4.4. shows the current density change of a LSM|YSZ half-cell for ~530 h at 700 °C
in an alternating atmosphere of air (0–58 h, 159–268 h, and 354–528 h) and air–SO2 (g) (4 ppm)
(58–159 h, and 268–354 h). The corresponding impedance spectra are exhibited in Figure 4.5. In
air atmosphere (0–58 h), the current density increases parabolically and becomes constant (Figure
4.4), while the overall size of the impedance spectra decreases and remains constant (Figure 4.5a),
implying the cathode activation and stabilization. The 4 ppm SO2 (air balance) is fed to the cathode
at 59 h, leading to the rapid drop of the current density. Correspondingly, the impedance arcs are
enlarged (Figure 4.5b). These would be due to the increase in the cathode polarization resistance
caused by the SO2 absorption on the surface. This tendency of the electrochemical performance
degradation under SO2 is very similar to that under Cr vapors (refer to Figure 3.3 in Chapter 3).
As the active reaction sites for ORR and oxygen transfer are concentrated at the TPBs in the case
of LSM, it is considered that the area affected by SO2 absorption includes the LSM near the TPBs.
After the 100–h exposure to SO2, the flow gas is switched from 4 ppm SO2 to air.
Immediately after SO2 flow, the current density increases back to its original value (Figure 4.4),
while the impedance arcs are shrunk (Figure 4.5c), indicating the recovery of the electrochemical
performance of the LSM|YSZ half-cell. The alternating gas supply is repeated one more time,
showing a similar trend of changes in the electrochemical performance (Figures 4.4, 4.5d, and
4.5e). However, the performance recovery appears not to be completely reversible. The
comparison of the original (58 h) and recovered (266 h) impedance arcs shows the difference in
the shape and location of the x-intercept (Figure 4.5f). Although the size of the impedance arcs is
comparable, the HF x-intercept is right-shifted, and the HF part of the impedance arc slightly
expands. This could be due to the modified structures of LSM and YSZ at the TPBs, albeit minor.
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To verify the above assumption, the LSM|YSZ half-cell exposed to the alternating
atmosphere of air and 4 ppm SO2 is observed using SEM. The cross section of the LSM/YSZ is
displayed in Figure 4.6a. For comparison, an LSM|YSZ half-cell exposed to 4 ppm SO2 for 120 h
without subsequent air flow under the same condition is also prepared and analyzed using SEMEDS (Figure 4.6b). The LSM particles exposed to 4 ppm SO2 have protruding nanoparticles on
the surface, which are enriched with sulfur, detected by EDS analysis (Figure 4.6b). This indicates
that, under a certain level of SO2 (g), LSM can react with airborne SO2, leading to Sr exsolution
and SrSO4 formation. On the other hand, the granular LSM particles under the alternating
atmosphere (with subsequent exposure to air flow) have smooth surface without protruding
nanoparticles. It is thus implied that, under SO2-free air, the incorporated sulfur was released while
the strontium was dissolved back into LSM and YSZ (at TPBs), by which the electrochemical
performance of LSM|YSZ cell would be recovered. However, even after the recovery process, a
few particles appear to have different morphology such as cylindrical columns (marked in Figure
4.6a), which contain a higher concentration of sulfur than the granular ones (see the elemental
compositions of three selected regions in the inset table of Figure 4.6a). This irreversible
morphology change could contribute to the incomplete recovery of the electrochemical
performance of LSM in Figure 4.5f. Another possible cause of the incomplete recovery is the
formation of SrZrO3 by Sr diffusion from SrSO4 to YSZ at TPBs. As the recovery of sulfur
poisoning of LSM is near-reversible under 4 ppm SO2, the sulfur contaminated LSM under low
concentration of SO2 (75 ppb in atmospheric air) could be completely recovered.
Furthermore, the presence of aluminum is observed by EDS analysis (Figure 4.7). In the
EDS spectra, a distinct peak for aluminum appears, suggesting the possibility of the reaction
between Al2O3 tube and SO2 to form Al2(SO4)3 (eq., Al2O3 + 3SO2 + 3/2O2 → Al2(SO4)3 [8])
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followed by its vaporization and deposition on LSM particles. Thus, when using high
concentrations of SO2 gas with alumina, we need to consider the reactivity and etching-effect of
sulfur.

Figure 4.4. Electrochemical performance (current density) change of a LSM|YSZ half-cell for
~530 h at 700 °C in an alternating atmosphere of air (0–60 h, 159–268 h, and 354–528 h) and air–
SO2 (g) (4 ppm) (60–159 h, and 268–354 h). The impedance spectra in the time domain (a–e) are
displayed in Figure 4.5.
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Figure 4.5. (a–e) Impedance spectra of a LSM|YSZ half-cell for ~530 h at 700 °C in an alternating
atmosphere of air (a: 1–58 h; c: 158–266 h; and e: 353–474 h) and air–SO2 (g) (4 ppm) (b: 58–158;
and 266–353 h). (f) The impedance spectra recorded at 58 h (initial) and 366 h (after being
recovered). The corresponding current density is displayed in Figure 4.4.

- 152 -

Figure 4.6. (a) SEM image of the cross section of the LSM|YSZ half-cell exposed to an alternating
atmosphere of air and air–SO2 (g) (4 ppm) for ~530 h °C during the electrochemical test, and
elemental composition (La, Sr, Mn, and S) at three selected regions of LSM, determined by EDS
analysis. (b) SEM images of the cross section of the LSM|YSZ half-cell exposed to 4 ppm SO2 (g)
(without subsequent air flow) for 120 h at 700 °C, and EDS spectrum of a S-rich protrusion near
the LSM/YSZ interface.
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Figure 4.7. SEM image (left) of the cross section of the LSM/YSZ interface exposed to an
alternating atmosphere of air and air–SO2 (g) (4 ppm) for ~530 h during the electrochemical test.
EDS spectra (right) of the two selected areas, showing the presence of aluminum.

4.4.3. Proposed Mechanisms of Sulfur Poisoning Recovery for LSCF and LSM
The mechanisms of sulfur poisoning recovery in LSCF and LSM cathodes are proposed
based on the above discussions. Figure 4.8 presents a schematic diagram of the process of sulfur
poisoning and recovery in LSCF. Basically, in LSCF at high temperatures (> 500 °C), strontium
tends to exsolve from A-sites of perovskite LSCF, forming SrO on the surface (Figure 4.8a) [9,10].
Because of the affinity of SrO with SO2 (g), the surface SrO absorbs and reacts with airborne SO2,
forming SrSO4 (Figure 4.8b). This SrSO4 generation and covering over LSCF disturb oxygen
reduction reaction, increasing polarization resistance (Rp). This also leads to an increase in the
length of oxygen diffusion path, thereby increasing ohmic resistance (R o). The loss of Sr in
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(La,Sr)(Co,Fe)O3 perovskite would cause the segregation of Co and Fe. (Although the evidence of
Co and Fe segregation was not found in this work, Co and Fe exsolution on LSCF, indicative of
CoFe2O4 formation, was reported in Ref. [11].) The phase separation of LSCF (LSCF → LSCF +
SrSO4 + CoFe2O4) and the SO2 absorption on LSCF lead to the increase in both polarization and
ohmic resistances (Rp and Ro) (Figure 4.8c). When the sulfur contaminated LSCF is exposed to
air, the SO2 absorbed on the LSCF and incorporated in SrSO4 would be partially released while
the segregated Co and Fe in each LSCF particle would be dissolved in LSCF, thereby slightly
decreasing both polarization and ohmic resistances (Rp and Ro) (Figure 4.8d). Although the sizes
of the exsolved particles of SrSO4 and CoFe2O4 decrease, most of them remain on the surface
(Figure 4.8e). In conclusion, the recovery of the structural change and degradation by sulfur
poisoning in LSCF is rarely achieved as the sulfur poisoning significantly transforms the surface
structure of LSCF particles.
Unlike LSCF, the reversible recovery of the structural change and degradation by sulfur
poisoning in LSM is possible. The process of sulfur poisoning and recovery in LSM is displayed
in Figure 4.9. As the LSM structure is stable even at high temperatures (> 500 °C), the A-site
cation (i.e., Sr) does not exsolve and produce precipitates on the surface. However, in the presence
of SO2 (g), Sr-terminated LSM surface absorbs SO2 by physical and chemical interaction (Figure
4.9a), leading to the formation of SrSO4 on the top surface of LSM particles (Figure 4.9b), which
hinders oxygen reduction reaction increasing the polarization resistance (Rp). Nevertheless, the Sr
precipitation by SrSO4 formation is localized on the surface and does not cause additional
structural changes of LSM. In this situation, when the sulfur-contaminated LSM is exposed to air,
the surface SrSO4 dissolves back into air (SO2 release) and LSM (Sr2+ intake) (Figure 4.9c),
recovering the structural changes and thereby decreasing the polarization resistance (Rp). However,
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some of Sr-rich LSM particles, which took in high content of sulfur and experienced severe
structural changes, cannot take out the incorporated sulfur, i.e., no recovery. Also, at TPBs, the Sr
of SrSO4 has a chance to diffuse in YSZ electrolyte during the recovery process, forming SrZrO3
(Figure 4.9d). These things are considered the cause of the incomplete recovery such as ohmic
resistance (R0) increase. In ambient air (low concentration of SO2), however, as the structural
change by sulfur poisoning barely occurs, the reversible recovery of sulfur poisoning would be
possible for LSM.

Figure 4.8. Schematic diagram of the sulfur poisoning process (unrecoverable) of LSCF/GDC: (a)
SO2 absorption onto the SrO segregated from LSCF, (b) numerous SrSO4 particle formation over
the LSCF surface, (c) exsolution of Co and Fe forming CoFe2O4 onto the top surface, and (d and
e) slight dissolution of SrSO4 and CoFe2O4, not allowing for the structural recovery.
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Figure 4.9. Schematic diagram of the sulfur poisoning and recovery process of LSM/YSZ: (a) SO2
absorption onto the Sr-terminated top surface of LSM, (b) slight formation of SrSO4 on the top
surface and subsequent sulfur incorporation into LSM (few), (c) desulfurization by the dissolution
of SrSO4 onto LSM and Sr diffusion into YSZ, and (d) SrZrO3 formation at TPB.

4.5. Conclusions
The reversibility of sulfur poisoning and recovery of the state-of-the-art SOFC cathodes,
LSCF and LSM, was investigated. In the presence of SO2, the catalytic activity of LSCF and LSM
electrodes decreased along with the increase in both ohmic and polarization impedances. For LSCF,
the SrO, segregated on the LSCF surface, has a tendency to absorb and react with SO 2. Thus, in
the presence of SO2, LSCF electrode particles absorb airborne SO2 forming SrSO4 followed by the
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exsolution of Co/Fe. After being exposed to air, the LSCF structure and the electrochemical
performance are partially recovered, but the most LSCF particles remain covered with SrSO4 and
CoFe2O4 nanoparticles. For LSM, SO2 is physically and chemically absorbed onto S-rich areas of
LSM, including the active reaction sites near the TPBs, leading to Sr exsolution, SrSO4
precipitation, and Sr-deficient LSM formation. Immediately after the exposure to air, the SrSO4
precipitates on the LSM surface is decomposed releasing SO2 and dissolving Sr into the bulk LSM,
by which the LSM structure and the electrochemical performance are recovered. However, the
recovery may not be fully reversible for (i) a few Sr-rich LSM particles that were modified in
structure by SO2 incorporation and for (ii) YSZ at TPBs that absorbed Sr from SrSO4 during the
recovery process. Therefore, it is concluded that the sulfur poisoning of LSM under the real SOFC
operating condition is completely recoverable, in contrast to that in LSCF, showing the potential
application of LSM for a sulfur sensor available in high-temperatures harsh conditions. It is
proposed that, for Sr-containing perovskite air-electrodes, the chemical activity of Sr is a major
factor that determines the structural stability and the reversibility of the recovery of sulfur
poisoning.
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CHAPTER

5:

COMPARISON

OF

COMBINED

CHROMIUM

AND

SULFUR

POISONING BEHAVIORS OF La1-xSrxMnO3 AND La1-xSrxCo1-yFeyO3 ELECTRODES

5.1. Abstract
Although the individual effects of airborne Cr and S contaminants on SOFC cathode
performance degradation have been extensively studied, the combined effects of Cr and S airborne
contaminants remain largely unexplored. Under the real SOFC operating condition where the Cr
and S species coexist, their effects may compete with each other, affecting the poisoning behavior.
We have investigated the combined Cr and S poisonings on LSM and LSCF electrodes using
electrochemical characterization, scanning transmission electron microscopy (STEM), and
thermodynamic analysis. STEM analyses indicate that the combined Cr and S poisoning behavior
of LSCF remains different from those of individual Cr and S poisonings, while the combined
poisoning mechanism of LSM is equivalent to the sum of those of individual Cr and S effects. For
LSCF electrode, gaseous Cr species (e.g., CrO2(OH)2 (g)) are deposited mainly at the LSCF/GDC
interface by electrochemical reduction, rather than forming SrCrO4 on LSCF surfaces (as in the
case of Cr-only poisoning), indicating no reaction between Cr vapors and SrO on the LSCF surface.
Thermodynamic analysis demonstrates that the SrO on LSCF surfaces absorb SO2 (g) and thereby
loses the Cr-gettering effect, allowing Cr vapors to flow through LSCF and to reach the
LSCF/GDC interface where the Cr deposition occurs. Unlike LSCF, LSM electrode shows
cumulative effects of Cr and S, as Cr accumulation occurs at the triple phase boundary and S
absorption takes place at localized Sr-rich regions.
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5.2. Introduction
Solid oxide fuel cells (SOFCs) have been recognized as promising candidates for nextgeneration power sources by offering high energy-conversion efficiency, fuel flexibility,
modularity, and low pollutant emissions [1–4]. During the SOFC operation, the air-electrode is
exposed to intrinsic and extrinsic airborne contaminants at high temperatures (600–900 °C),
leading to their reaction with electrode materials, irreversible chemical and structural changes, and
electrochemical performance degradation [5]. There are two most abundant and detrimental gas
impurities that contaminate the air-electrodes: Cr vapors and sulfur dioxide (SO2). It is well-known
that Cr vapors, (e.g., CrO2(OH)2), are generated from chromia scales (or Cr2O3) formed on metallic
components such as balance-of-plant (BoP) subsystems for thermal management and air-handling
as well as cell-to-cell interconnect (IC) and manifold in the cell stacks [6,7]. Airborne SO2, intrinsic
to ambient air albeit low in concentration (75 ppb for hourly primary standard [8]), is also
considered a major contaminant that affects the long term degradation of electrodes in irreversible
manner [9,10].
La1–xSrxMnO3±δ (LSM) and La1–xSrxCo1–yFeyO3–δ (LSCF) have been widely used as the
most established air-electrode materials for SOFC because of their high electronic and oxygen
ionic conductivity, excellent oxygen reduction reaction (ORR) activity, and material compatibility
with adjacent cell components during the fabrication and operation [11]. The major difference
between LSM and LSCF cathodes is the ORR process as the oxygen reduction on LSM is mainly
confined to triple-phase boundary (TPB; i.e., air/electrode/electrolyte) area, typically at high
temperatures (800–1000 °C) [12,13], while the oxygen reduction on LSCF can occur at the two
phase interface (i.e., air/electrode) as well as TPB, allowing for lower temperature operation (600–
800 °C) [14,15].
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Cr and S poisoning of LSM and LSCF has been extensively studied [9,10,16–26] and
illustrated in Figure 5.1. The electrode performance degradation mechanisms have been explained
largely based on structural changes and secondary phase formation. LSM is susceptible to Cr
poisoning since the Cr vapor deposition mainly occurs at the LSM/electrolyte interface by the
reduction of Cr6+ to Cr3+, blocking the active sites for ORR and increasing the cathodic polarization
[26]. For LSCF, on the other hand, the electrode remains susceptible to SO2 as the segregated SrO
on the LSCF surface is prone to formation of stable SrSO4, thereby reducing the active sites for
ORR [10,27]. Thus, the long-term exposure of air-electrodes to ambient air flow containing a trace
of Cr and S species leads to contaminant accumulation at the electrochemically active sites,
resulting in permanent deactivation and performance degradation. Although extensive studies have
been conducted on Cr and S contaminant effects, the study mainly focused on the role of individual
Cr and S poisonings. In the real SOFC operating conditions, though, as Cr and S species coexist,
there remains a need to understand the role of each contaminant when present together.
In the present work, we report our findings of study conducted on the evaluation of
combined Cr and S poisoning of LSCF and LSM electrodes. Electrochemical tests were conducted
in the presence of Cr vapors (evolved from pure Cr2O3) and SO2 gas (injected in the gas stream at
a predetermined level) at 750 °C. Atomic resolution analyses using scanning transmission electron
microscopy (STEM) was performed on the post-test electrodes exposed to the Cr and S
contaminants to elucidate the interaction between electrode and gas contaminants. The
observations show that, while the LSM electrode poisoning is caused by predictable additive
effects of Cr and S species, the Cr poisoning behavior of LSCF in the presence of SO2 becomes
remarkably different from the typical case of Cr poisoning in the absence of SO 2. The reaction
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mechanisms have been identified based on thermodynamic principles. The poisoning behaviors of
LSFC and LSM have been compared.

Figure 5.1. Schematic illustration of the cross-sectional structures of LSM and LSCF contaminated
with Cr or S species, based on the previous research relating to Cr/S poisoning in LSM and LSCF
in Table 5.1. The question mark designates those contaminated under the copresence of Cr and S
species, which are to be studied in this work.
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Table 5.1. Summarized information about Cr and S poisonings in LSM and LSCF.
Cathode material

Condition

Secondary phase formation and location

Ref.

La0.6Sr0.4Co0.2Fe0.8O3-δ

0.1 ppm SO2, at 800 °C
1 ppm SO2, at 650 and
700 °C
Fe-Cr interconnect, at
900 °C
Fe-Cr interconnect, at
800 and 900 °C
Cr vapor (from Cr2O3 in
3%H2O–air), at 800 °C
Cr vapor (from Cr2O3 in
3%H2O–air), at 800 °C
4 ppm SO2, at 700 °C
40 ppm SO2, at 750 °C
Cr vapor (from Cr2O3 in
3%H2O–air), at 800 °C
Cr vapor (from Cr2O3 in
3%H2O–air), at 650 °C
Fe-Cr interconnect, at
800 and 900 °C
1 and 10 ppm SO2, at 700
and 800 °C
Fe-Cr interconnect, at
750 °C
SO2 (0.01-to-10 ppm), at
750 °C
SO2 gas (from glass paste
containing 3 at.% sulfur)
and Cr vapor (from Fe-Cr
alloy), at 800 °C
Cr vapor (from Fe-Cr
alloy), at 800 °C
SO2 gas (20 ppm in N2)
and Cr vapor (from Cr2O3
in N2), at 600–900 °C
1 ppm SO2 and Fe-Cr
interconnect, at 800 °C

SrSO4 in the vicinity of the LSCF/GDC interface

[9]

SO2 adsorption over whole LSCF particle surface

[19]

Cr deposition on the cathode surface

[20]

SrCrO4 in the cathode surface and interior

[21]

SrCrO4 over whole LSCF particle surface

[22]

Cr2O3 at the LSM/YSZ interface

[22]

SrSO4 over whole LSCF particle surface
SrSO4 on the surface at grain boundaries

[23]
[24]

SrCrO4 on the LSCF particle surface

[25]

Cr2O3 and (Mn,Cr)3O4 at the LSM/YSZ interface

[26]

SrCrO4, CrO2.5, and Cr2O3 on the cathode surface

[16]

SrSO4 over whole LSM particle surface

[17]

SrCrO4 on the cathode surface

[28]

SrSO4 on the cathode surface

[10]

(Cr,Mn)3O4 and Sr(Cr0.85,S0.15)O4 near the LSM/YSZ
interface

[18]

Cr accumulation at the LSM/YSZ interface

[18]

SrCrO4 and SrSO4

[29]

SrCrO4 and SrSO4 near the LSM/YSZ interface

[30]

La0.6Sr0.4Co0.2Fe0.8O3-δ
La0.6Sr0.4Co0.2Fe0.8O3-δ
(La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ
(La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ
(La0.8Sr0.2)0.95MnO3±δ
(La0.8Sr0.2)0.95MnO3±δ
(La,Sr)MnO3±δ
(La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ
(La0.8Sr0.2)0.95MnO3±δ
La0.6Sr0.4Co0.2Fe0.8O3-δ
La0.8Sr0.2MnO3±δ
La0.6Sr0.4Co0.2Fe0.8O3-δ
La0.75Sr0.42Co0.15Fe0.68O3-δ

(La0.75Sr0.25)0.95MnO3±δ

(La0.75Sr0.25)0.95MnO3±δ

La0.6Sr0.4Co0.2Fe0.8O3-δ

La0.8Sr0.2MnO3±δ
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5.3. Experimental
5.3.1. Cell Fabrication
For electrochemical characterization, LSCF- and LSM-based solid oxide cells were
fabricated using support electrolytes, Gd-doped ceria (GDC; Gd0.10Ce0.90O1.95; Fuelcellmaterials,
USA) and yttria-stabilized zirconia (YSZ; 8 mol.% yttria; Fuelcellmaterials, USA) with diameter
of 25 mm and thickness of 250–300 m. The (La0.60Sr0.40)0.95Co0.20Fe0.80O3–δ and
(La0.80Sr0.20)0.95MnO3±δ slurries (Fuelcellmaterials, USA) were thoroughly mixed with an ink
vehicle (terpineol-based; Fuelcellmaterials, USA) and then screen-printed onto the GDC and YSZ
electrolyte supports, respectively, using a screen printer (Model 810, Systematic Automation Inc.,
USA). They were subsequently sintered in air at 1200 °C for 2 h with a ramp rate of 3 °C min -1.
Each electrode surface was connected with Pt current collector using Pt gauze and paste. In the
same manner, the opposite side of the electrode was attached with Pt gauze and wire. The edge of
the electrolyte was also connected to a Pt wire as a reference electrode. The assembled cells
(LSCF|GDC|Pt and LSM|YSZ|Pt) were heated at 850 °C for 1 h in air for complete adhesion of
the Pt paste. The as-prepared cells were sealed onto an alumina tube using an alumina paste,
separately. The Pt wires, connected to the electrodes and electrolytes, were linked to a potentiostat
(VMP3, Bio-Logic, France).

5.3.2. Electrochemical Test
The electrochemical tests were carried out at 750 C under the flow of air containing both
SO2 gas (500 ppb) and Cr vapors (~1 ppb CrO2(OH)2 gas), where the concentration of SO2 gas
was precisely controlled by a gas mixing system (Series 4000, Environics, USA) while the Cr
vapors were generated from Cr2O3 pieces wrapped with silver gauze under humidified air flow
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(~1.5% H2O). For details of the experimental setup, see Ref. [23]. Electrochemical impedance
spectroscopy (EIS) for the as-prepared LSCF|GDC|Pt and LSM|YSZ|Pt cells was conducted for
110 h under a bias of 0.5 V in the frequency range from 0.5 Hz to 200 kHz with a 10 mV sinus
amplitude at an interval of 1 h.

5.3.3. Characterization
The morphology and elemental composition of the electrodes were analyzed by scanning
electron microscopy (SEM; Quanta 250 FEG, FEI, USA) equipped with energy-dispersive X-ray
spectroscopy (EDS). The electrode/electrolyte cross-sectional analysis was performed using a
focused ion beam (FIB, FEI Strata 400s Dual Beam FIB, USA). The nanostructure and elemental
distribution were obtained by scanning transmission electron microscopy (STEM; Talos F200X
S/TEM; FEI, USA) at 200 kV. The reactions between surface-SrO and Cr/S contaminants were
thermodynamically calculated from the database in HSC Chemistry (Outotec, Finland).

5.4. Results and Discussion
5.4.1. Electrochemical Performance Degradation under Cr and S Contaminants
Figure 5.2 shows the change of electrochemical performance of LSM|YSZ|Pt and
LSCF|GDC|Pt cells under the flow of SO2 (g) and Cr vapors toward the cathodes for 110 h. The
current density of the LSM-based cell rapidly decreased for the first ~10 h, while that of the LSCFbased cell reduced gradually for 110 h, as shown in Figure 5.2a. Correspondingly, both impedance
arcs for LSM and LSCF were enlarged over time (Figures 5.2b and 5.2c), meaning the increase in
polarization resistance. It is also noticed that the high-frequency x-intercept of the impedance arcs
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for LSCF increases, whereas that for LSM remains unchanged (Figures 5.2c and 5.2b,
respectively), indicating the increase in the ohmic resistance of the LSCF-based cell.
As for the contributors to the impedance curve, the ohmic resistance is mainly related to
ionic conduction in electrolytes, while the polarization resistance is associated with oxygen ion
diffusion and electronic conduction along and through cathodes. In this way, any structural
changes of electrodes, such as impurity deposition and secondary phase formation, can be reflected
in the polarization resistance [19]. The exposure of LSM and LSCF electrodes to the Cr and S
species under polarization conditions leads to structural changes near the reaction-active sites, e.g.,
TPB at LSM/YSZ and surface of LSCF. For instance, the structural change in LSCF is considered
to deactivate active sites for electrochemical reactions and utilize other alternative active sites,
thereby elongating the ionic transport pathways in the GDC electrolyte. Structural changes and
how they affect the electrochemical reaction in LSM and LSCF will be further discussed in the
following section, based on STEM analysis results.
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Figure 5.2. (a) Current densities and (b and c) Impedance spectra of LSM|YSZ|Pt and
LSCF|GDC|Pt solid oxide cells recorded over time (up to 110 h) at 750 °C under the flow of 500
ppb SO2 (g) and Cr vapor (~1 ppb CrO2(OH)2 (g)) toward the LSM and LSCF air-electrodes.

Figures 5.3a and 5.3b show the cross-sectional SEM images of LSM before and after the
exposure to Cr vapor and SO2 gas under polarization conditions. The granular morphology of LSM
with a smooth surface did not change significantly after the exposure to Cr and S contaminants
(Figure 5.3a). However, SEM-EDS analysis of LSM near the surface and the LSM/YSZ electrolyte
shows the presence of Cr and S in the LSM, as shown in Figure 5.4. Sulfur is present in all areas
of the LSM, while chromium is mainly located near the LSM/YSZ interface (Figures 5.4a and
5.4b). Such distributions of Cr and S are very similar to those in the LSM poisoned by Cr only and
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S only contaminants [17,23,24,26]. This is complemented by TEM analysis, as discussed in the
following section.
Figures 5.3c and 5.3d show the morphology of LSCF before and after the exposure to
gaseous Cr and S contaminants under polarization conditions. The initially smooth morphology
changed into an angulated one over all exposed areas. SEM-EDS analysis shows that sulfur is
distributed in all areas of LSCF (Figures 5.4c and 5.4d), whereas the presence of chromium is not
observed (< 1 at.%). These results indicate that the morphology change of the LSCF particles under
Cr and S contaminants is mainly due to sulfur incorporation. To examine the distribution of Cr, as
well as S, in LSCF, we further analyzed the sample using STEM, as described below.

Figure 5.3. Cross-sectional SEM images of pristine LSM and LSCF electrodes (a and c) and those
exposed to SO2 gas and Cr vapors for 110 h at 750 °C during the electrochemical test (b and d).
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Figure 5.4. SEM images and their corresponding EDS spectra of LSM and LSCF that were exposed
to Cr and S contaminants for 110 h at 750 °C during the EIS test: (a) LSM interior, (b) LSM/YSZ
interface, (c) LSCF interior, and (d) LSCF/GDC interface.
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5.4.2. Combined Cr and S Poisoning in LSM
Figure 5.5a shows STEM elemental images of the cross section of LSM electrode after
being exposed to Cr and S contaminants during the electrochemical test. The presence and
distributions of Cr and S are clearly observed, revealing a number of noteworthy findings. First,
chromium is located near the LSM/YSZ interface (Figure 5.5a: Cr). This is consistent with the
general theory that, for LSM|YSZ cell, Cr vapors (mostly CrO2(OH)2

(g))

are preferentially

deposited at the TPBs (between air, electrode, and electrolyte) near the LSM/YSZ interface, as
occurring via the following electrochemical reduction reaction from CrVI to CrIII [18].
2CrO2(OH)2 (g) + 3VO•• + 6e− → Cr2O3 (s) + 2H2O (g) + 3OO×
Second, sulfur is mainly distributed in the Sr-rich areas (Figure 5.5a: S, and Sr). The arrows (white
filled) in Figure 5.5a mark the spots that are enriched with S and Sr, indicating the co-existence of
S and Sr. This result is identical to the case of sulfur-only poisoning (free from Cr vapors) [17,24].
It is deemed that SO2 (g) is absorbed onto Sr-terminated LSM surface, eventually forming SrSO4.
SO2 (g) + Sr LSM surface + O2 (g) → SrSO4 (s)
From the above, it is considered that the sulfur deposition associated with the LSM
poisoning is more due to chemical reaction than to electrochemical reduction. Third, the chromium
and sulfur incorporated in LSM do not coexist in the same region. This result is somewhat different
from the earlier study by J. A. Schuler et al. [18] who reported that, under combined Cr and S
poisoning conditions, Cr and S are likely to coexist in Sr-rich areas as a form of Sr(Cr,S)O4 without
the formation of Cr2O3 and (Cr,Mn)O3 at the active cathode/electrolyte interface, indicating the
role of accumulated Cr compounds (i.e., SrCrO4 and Sr3Cr2O8) in absorbing SO2. Our observation,
however, shows that the Cr and S accumulation occurs in separate regions (area circled by dotted
lines in Figure 5.5a). Such discrepancy is considered due to different experimental conditions such
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as the concentrations of Cr and S species in the atmosphere. Indeed, in the study by Schuler et al.,
the concentration of supplied SO2 was not accurately determined, but a sulfur-containing (3 at.%)
sealing paste was used as a sulfur-generating source instead of using SO2 gas. As our experimental
conditions are comparable to the actual SOFC operating condition (~75 ppb), we propose that the
combined Cr and S poisoning behavior in this study are close to the real-world case.
Further analysis was continued with high-resolution (HR) TEM images and Fast-Fourier
transform (FFT) technique. Figure 5.5c shows the HR-TEM image of the S-rich area and
corresponding FFT pattern, indicating SrSO4 (orthorhombic, Pbnm, a = 6.87 Å, b = 8.37 Å, and c
= 5.36 Å) as a secondary phase of LSM under SO2. This is consistent with previous reports
concerning the high reactivity of strontium with sulfur [23]. A similar analysis was carried out on
the Cr-rich area (Figure 5.5b). The phase of the Cr-deposited area was identified as (Mn,Cr)3O4
(spinel, I41/amd, a= 5.91 Å, and c= 8.77 Å) rather than SrCrO4. This is in good agreement with
the aforementioned prediction that the Cr deposition is attributed more to electrochemical
reduction reaction than to chemical reaction.
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Figure 5.5. (a) STEM High-angle annular dark-field (HAADF) and elemental mapping images (Cr,
S, Sr, O, La, Mn, Y, and Zr) of the cross section of the LSM/YSZ interface exposed to SO 2 gas
and Cr vapors at 750 °C for 110 h during the EIS test. (b) High-resolution TEM images and Fast
Fourier Transform (FFT) patterns of the Cr-rich region and (c) the S-rich region.
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5.4.3. Combined Cr and S Poisoning in LSCF
Following the above methodology, the poisoning of LSCF in the presence of Cr and S
contaminants was investigated. Figure 5.6a shows STEM elemental images of the cross section of
LSCF electrode after the electrochemical test in the presence of Cr and S contaminants.
Interestingly, it is observed that Cr resides predominantly at the LSCF/GDC interface (Figure 5.6:
Cr). This tendency is different from that of Cr-only poisoning in LSCF, where Cr is mainly
deposited on the LSCF surface by reacting with surface-segregated SrO to form SrCrO4 [20,22,25].
The deposition of Cr at the interface is attributed to the electrochemical reduction reaction, similar
to the case of Cr poisoning in LSM. Sulfur, on the other hand, is distributed in Sr-enriched regions
of LSCF (Figure 5.6: S, and Sr), implying the reaction of segregated SrO with SO 2 (g). This result
somewhat deviates from the case of S-only poisoning of LSCF, where sulfur is concentrated near
the LSCF/GDC interface owing to the high concentration of oxygen vacancies [9,31].
Further information is provided by selected area electron diffraction (SAED) patterns
(Figures 5.6b and 5.6c). Figure 5.6b shows the HR-TEM image of an S-rich area of LSCF particles
and the corresponding SAED pattern. The pattern is identified as SrSO4 (orthorhombic, Pbnm, a
= 6.87 Å, b = 8.37 Å, and c = 5.36 Å), confirming the chemical reaction of Sr with SO2. Figure
5.6c shows the HR-TEM image and SAED pattern of Cr-rich nanoparticles at the LSCF/GDC
interface. The structure of the nanosized Cr compound could not be exactly determined by the
SAED pattern with halo rings but is regarded as Cr2O3 by thermodynamic considerations, based
on previous studies [32,33]. Such Cr poisoning behavior of LSCF in the presence of SO2 gas is
completely different from the Cr-only poisoning behavior of LSCF; that is, chromium was
preferentially accumulated at the LSCF/GDC interface (in combined Cr/S poisoning) rather than
on the overall LSCF surface (Cr-only poisoning). It is considered that the surface-segregated SrO
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in LSCF loses the ability to capture Cr vapors due to adsorption/absorption of SO2, thereby
allowing Cr vapors to pass through LSCF and reach the electrode/electrolyte interface.

Figure 5.6. (a) STEM High-angle annular dark-field (HAADF) and elemental mapping images (La,
Sr, Co, Fe, Gd, Ce, O, S, and Cr) of the cross section of the LSCF/GDC interface exposed to SO2
gas and Cr vapors at 750 °C for 110 h during the EIS test. (b) High-resolution TEM images and
selected area electron diffraction (SAED) patterns of the grains at the LSCF and (c) at the
LSCF/GDC interface.
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5.4.4. Thermodynamics of Secondary Phase Formation
The distributions of Cr and S in LSM and LSCF electrodes poisoned in the co-presence of
Cr and S species have been found to be different from those poisoned in the Cr-only and S-only
presence. This suggests that the dominant reaction associated with the Cr/S interaction with
electrodes changes depending on the local SrO presence and equilibrium partial pressures of
CrO2(OH)2 (g) and SO2 (g). The phase diagram of SrO in the presence of CrO2(OH)2 (g) and SO2 (g)
at 750 °C has been shown in Figure 5.7, depicted using the database in HSC Chemistry 10 software.
The partial pressure of injected SO2 gas was fixed at 0.5 ppm, and the partial pressure of
CrO2(OH)2 generated from Cr2O3 in the humidified air (1.5% H2O) was estimated to be ~0.6 ppb.
Under these atmospheric conditions, both SrSO4 and Cr2O3 are supposed to be produced (as
marked by a red spot in Figure 5.7). This thermodynamic evaluation corresponds to the
experimental result that only SrSO4 formed without the presence of SrCrO4 in LSCF (as shown in
Figure 5.6b). It is thus indicated that the surface SrO is more likely to react with SO2 than Cr vapor
under the conditions used in this study, which is in good agreement with the literature by Wang et
al.[29] where the reactivity of LSCF with SO2 and Cr vapor, albeit under inert atmosphere (N2
balance), was studied. This explains how Cr vapors can reach and deposit at the
electrode/electrolyte interface, supporting the aforementioned hypothesis of Cr and S distribution.
Under the flow of both Cr and S contaminants, the SrO present on the LSCF surface initially
absorbs sulfur species, thereby losing the ability to getter Cr impurity. Thus, Cr vapors can freely
penetrate LSCF and reach the LSCF/GDC interface where the Cr vapor is deposited as chromium
oxides by electrochemical reduction reaction (Cr6+ to Cr3+). This process results in the formation
of SrSO4 in Sr-rich LSCF and Cr-oxide layer at the LSCF/GDC interface.
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Figure 5.7. Phase stability diagram for a fixed SrO and varying partial pressures of SO2 and
CrO2(OH)2 at 750 °C. The red spot indicates the partial pressures of the chromium and sulfur
species in this work.

5.4.5. Combined Cr/S Poisoning Mechanism
The mechanism of electrode poisoning by gaseous contaminants can be understood by
identifying secondary phases and their distribution in the electrode. The secondary phases, formed
in LSM and LSCF by Cr-only poisoning and S-only poisoning along with combined Cr/S
poisoning, have been tabulated in Table 5.2. For LSM, the combined Cr/S poisoning behavior is
equivalent to the sum of those of individual Cr and S poisonings, as illustrated in Figure 5.8a; i.e.,
Cr2O3 at the LSM/YSZ interface (Cr-only poisoning) and SrSO4 at Sr-rich areas on LSM particle
surface (S-only poisoning). This result indicates that the SrSO4 phase, formed on the LSM particle
surface, does not react with incoming airborne Cr contaminants, so that the Cr species freely reach
the LSM/YSZ interface to deposit Cr2O3 by electrochemical reduction reaction.
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For LSCF, the combined Cr/S poisoning behavior is different from the sum of those of Cronly and S-only poisonings, as depicted in Figure 5.8b; i.e., Cr2O3 at the LSCF/GDC interface and
SrSO4 on the LSCF particle surface (combined Cr/S poisoning) ≠ SrCrO4 and SrSO4 formation on
the LSCF particle surface (Cr-only and S-only poisonings, respectively). It is noteworthy that, in
the co-presence of gaseous Cr and S species, Cr compounds (e.g., Cr2O3) predominantly
accumulate at the LSCF/GDC interface rather than forming SrCrO4 on LSCF particle surfaces. By
considering the thermodynamics of the SrO–CrO2(OH)2–SO2 system, it is found that the reactions
between surface-segregated SrO and Cr/S contaminants prefer to form SrSO4 rather than SrCrO4
under the experimental condition.

Table 5.2. Major phase and location of Cr/S compounds formed in LSM and LSCF after Cr and S
contamination (Cr-only, S-only, and combined Cr and S poisonings), based on previous research
[9,10,24–26,28,30,16–23] (referred to Table 5.1) and the current study.

Types of Poisoning
Cr-only in LSM
S-only in LSM
Cr-only in LSCF
S-only in LSCF
Cr and S in LSM
(this work)
Cr and S in LSCF
(this work)

Secondary phase and Location by Cr and S poisoning
Electrode/Electrolyte
Electrode Surface
Electrode Interior
Interface
(Cr,Mn)3O4 and Cr2O3
SrSO4 (minor)
SrSO4
SrCrO4
SrCrO4 (minor)
SrSO4
SrSO4 (minor)
-

SrSO4

(Cr,Mn)3O4 and Cr2O3

-

SrSO4

Cr2O3
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Figure 5.8. Comparison of the Cr/S poisoning behaviors of LSM and LSCF cathodes: Cr-only, Sonly, and combined Cr and S poisonings. (a) The combined Cr and S poisoning behavior of LSM
is equivalent to the sum of those of individual Cr and S poisonings. (b) The combined Cr and S
poisoning behavior of LSCF is, however, different from the sum of those of individual Cr and S
poisonings.

Based on the above discussion, the poisoning behavior of LSCF under Cr/S contaminants
is proposed in Figure 5.9. At high temperatures (> 500 °C), Sr-segregation occurs to form SrO on
LSCF surfaces, which is highly reactive with Cr/S contaminants [34]. In this situation, airborne Cr
and S species (mainly, CrO2(OH)2 and SO2) flow over LSCF cathodes (Figure 5.9a). The surface
SrO is more likely to react with SO2 than Cr vapors by physical/chemical absorption (Figure 5.9b).
Continuous absorption and reaction lead to the formation of SrSO4 on the LSCF particle surface
(Figure 5.9b: inset). In the case of Cr vapors flowing over LSCF, since the surface Sr is covered
by physi/chemisorbed SO2, the SrO’s ability to capture Cr species is diminished. Thus, the Cr
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vapors freely reach the LSCF/GDC interface (Figure 5.9c) resulting in the deposition of Cr oxides
by electrochemical reduction reaction.

Figure 5.9. Schematic representation of the process of combined Cr and S poisoning of LSCF: (a)
pristine LSCF/GDC under airborne S and Cr contaminants; (b) adsorption/absorption of SO2 (g)
onto the Sr-enriched LSCF surface with segregated-SrO, where the effect of Cr vapor is initially
negligible compared with that of SO2 (g) as 𝑃SO2 ≫ 𝑃CrO2(OH)2 ; (c) Cr vapor penetrating into the
electrolyte without being absorbed by LSCF, since pre-adsorbed SO2 has already deactivated the
Cr-gettering effect of LSCF; and (d) the resulting LSCF/GDC contaminated with Cr and S species
primarily at the LSCF/GDC interface and on the LSCF surface, respectively.
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5.5. Conclusions
The combined effect of airborne Cr and S contaminants on the electrochemical poisoning
of LSM and LSCF electrodes in SOFC indicated rapid performance degradation in LSM and
gradual degradation in LSCF. Morphological and structural examination by STEM showed that,
for LSM, SrSO4 is distributed in Sr-rich regions of LSM while Cr-oxides are located near the
LSM/electrolyte interface, indicating the absorption of SO2 at the Sr-terminated LSM surfaces and
the deposition of Cr species at the electrochemically active sites, respectively. This trend represents
the combined Cr/S interaction in LSM to be equivalent to the sum of individual Cr and S poisoning
effects. For LSCF, on the other hand, the combined Cr/S poisoning remains different from those
of individual Cr and S poisoning effects. Sulfur is present on the LSCF particles due to the reaction
of SrO with SO2, forming SrSO4 on each particle surface accompanied by morphological changes.
As for the effect of Cr species, chromium oxide layers were observed along the LSCF/electrolyte
interface, instead of forming SrCrO4 on the LSCF surface (as in the case of Cr-only poisoning),
under the combined Cr/S poisoning condition. It is indicated that the Cr vapor is predominantly
deposited at TPB regions owing to the electrochemical reduction reaction. The absence of reaction
between Cr vapors and LSCF is considered due to the preferred interaction of SrO with SO2
preventing further reaction with gaseous Cr species. The combined Cr/S poisoning mechanisms
identified in this work offer insight and guidance for future research on the contaminant-induced
degradation and the development of Cr/S tolerant electrodes in high-temperature electrochemical
systems.
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CHAPTER 6: DEVELOPMENT OF TRACE AIRBORNE CONTAMINANT GETTER:
STRONTIUM NICKEL OXIDE GETTER

6.1. Abstract
Despite extensive research, the degradation of air-electrodes remains a concern for the
long-term performance stability and operational reliability in the commercialization of SOFCs.
Chromium vapors, generated from chromia scales of metallic components of SOFC systems, are
major contaminants that degrade the electrochemical performance in the long term. As a strategy
to mitigate chromium poisoning, Cr getter, which captures the airborne Cr species before it reaches
the electrodes, has been developed. As a case study, strontium nickel oxide (Sr9Ni7O21), a
strontium-rich compound, was selected, and its performance for capturing Cr species was validated
using electrochemical tests. In the presence of the getter, the electrochemical performance of LSM
electrode in the flow of Cr vapors remained stable for 100 h at 550 and 650 °C. Postcharacterization by energy-dispersive X-ray and Raman spectroscopies observed Cr-enrichment
and a Cr-compound, i.e., SrCrO4, in the inlet side of the getter, thus demonstrating the Cr capture
ability of the getter.

6.2. Introduction
Despite extensive research, the degradation of air-electrodes still remains a major concern
for the long-term performance stability and operational reliability in the commercialization of
SOFCs. During SOFC operation, the exposure of air-electrodes to airborne chromium species,
generated from chromia scales of metallic components of SOFC systems, causes the formation of
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undesired secondary phases at catalytic-active sites of the electrodes, retarding oxygen reduction
reaction and oxygen transfer.
Sr/Mn-free cathodes such as La(Ni,Fe)O3 (LNF) have been developed as chromiumtolerant electrodes since Sr and Mn are considered as Cr-nucleating agents [1,2]. Long-term tests,
however, revealed that the cathode is eventually degraded by substituting Cr for Ni in LNF [3].
Mn-Co spinel (MnCo2O4 and Mn1.5Co1.5O4) coating on the metallic interconnect has been reported
as a cost-effective and efficient way to suppress Cr migration to the surface [4–6]. After long-term
operation, though, these coatings also showed micro-cracking and spallation [7]. Cr getter has been
developed as an alternative approach to mitigate cathode poisoning. The application of getters is
considered to provide a cost-effective solution to chromium poisoning by capturing the airborne
Cr species before it reaches the cathodes. Strontium-containing compounds are regarded as getter
materials that capture Cr contaminants. As a case study, a strontium-rich compound, i.e., strontium
nickel oxide (Sr9Ni7O21), was selected, and its ability for capturing Cr species was validated using
electrochemical tests.

6.3. Experimental
6.3.1 Getter Fabrication
The Cr getter composed of strontium nickel oxide was fabricated by the following
procedure (Figure 6.1). Strontium nitrate (Sr(NO3)2; Sigma-Aldrich) and nickel nitrate
hexahydrate (Ni(NO3)2⸱6H2O; Sigma-Aldrich) with a Sr/Ni molar ratio of 49/51 were dissolved in
distilled (DI) water at 80 °C. Ammonium hydroxide (NH4OH) was slowly added to the aqueous
solution until pH became 8.5. The solution was dried for 24 h in an oven, and the powder was
rinsed out with DI water to remove the remaining ammonium nitrate (NH4NO3). The resultant
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powder was mixed with DI water to prepare an aqueous precursor slurry. An alumina fibrous foam
(Zircar Ceramics, Inc.) was cut into a cylindrical shape and then submerged in the aqueous solution.
The alumina foam was dried and heated at 650 °C for 4 h in air so as to form strontium nickel
oxide coating layer on the alumina foam.

Figure 6.1. Procedure for the fabrication of strontium nickel oxide (SNO) getter.

6.3.2 Electrochemical Characterization
LSM|YSZ half-cells were prepared according to the procedure described in Chapter 2.3.1.
For evaluation of the Cr capture ability of the SNO getter, impedance spectra of the half-cells were
recorded for 100 h at 550 and 650 °C in three different conditions (For details, refer to Chapter
2.3.2): (i) flowing air, (ii) flowing Cr vapors (air balance), and (iii) flowing Cr vapors (air balance)
in the presence of SNO getter which is placed between Cr2O3 pellet pieces and air-elctrode (Refer
to Figure 3.2 in Chapter 3).
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6.3.3 Post-Characterization
The microstructures of LSM/YSZ interfaces of the half-cells tested with SNO getter in the
flow of Cr vapors and without SNO getter in the flow of air were observed using scanning electron
microscopy (SEM; FEI Quanta 250 FEG). The SNO getter exposed to Cr vapors for 100 h at
650 °C during the electrochemical test was dissected, and the Cr-concentration along the channel,
through which the Cr vapors passed, was examined using SEM equipped with energy-dispersive
X-ray spectroscopy (EDS). The inlet of the getter was analyzed by Raman spectroscopy (Renishaw
System 2000, Gloucestershire, UK) using a 514 nm excitation laser.

6.4. Results and Discussion
6.4.1 Mitigation of Air-Electrode Degradation
The efficacy of SNO getter to capture gaseous Cr species has been validated using
electrochemical tests. Sr-rich compounds have been considered active getter materials to absorb
gaseous Cr species, such as CrO2(OH)2, CrO(OH)2, and CrO3, since SrO present on the surface
was assumed to react with the Cr species forming SrCrO4 based on thermodynamic analysis, as
will be discussed below.
Figure 6.2a shows the electrochemical performance change of the half-cell with SNO getter
in the presence of Cr vapor at 650 °C. The current density remains stable over 100 h during the
test despite the flow of Cr vapor, whereas, without the getter, the current density decreases within
a few hours. Correspondingly, their impedance curves did not change over time (Figures 6.2b and
6.2c), indicating the long-term stability of the electrode. The SEM images of the LSM/YSZ
interfaces show LSM particles with a clean surface and no small particles at TPBs, indicating no
secondary phase formation/accumulation (Figures 6.2b and 6.2c). Such features and trends
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appeared identical to those of one conducted at 550 °C (Figures 6.2e and 6.2f), thus confirming
the Cr-capture ability of SNO getter at intermediate temperatures (550–650 °C).

Figure 6.2. (a and d) Electrochemical performance (current density) changes of the LSM|YSZ halfcell for 100 h at 650 and 550 °C, respectively, under three different conditions, as follows: in the
absence of Cr vapor without SNO getter (baseline), in the presence of Cr vapor without SNO getter,
and in the presence of Cr vapor with SNO getter. (b, c, e, and f) Corresponding impedance spectra
(recorded after 1, 5, 10, 60, and 100 h) and SEM images (after the test for 100 h) of the half-cells.
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6.4.2 Cr Vapor Capture and Reaction
Figure 6.3 shows the chromium distribution along the inner channel of the SNO getter,
through which Cr vapors pass at 650 °C for 100 h, measured by SEM-EDS analysis. The Cr
concentration was highest at the inlet (12.6 at.%) and significantly decreased along the channel
(0–1.5 at.%), indicating that Cr vapors are largely captured on the getter inlet. Figure 6.4 shows
Raman spectra of the inlet side of the getters that were exposed to Cr vapors at 550 and 650 °C
during the electrochemical test. The Raman bands at 860, 889, 375, and 402 cm-1 correspond to
SrCrO4 phase [8]. It is deemed that the Cr vapor species such as CrO2(OH)2, CrO(OH)2, and CrO3,
were reacted with SrO present on the SNO surface to form SrCrO4. The reaction associated with
the capture of Cr vapors was thermodynamically assessed. Gibbs free energies (∆G) for the
formation of SrCrO4 by the reaction between SrO (segregated from SNO) and gaseous Cr species
are negative (Figure 6.5), indicating the plausibility of the following reactions.
SrO (s) + CrO2(OH)2 (g) → SrCrO4 (s) + H2O (g)
SrO (s) + CrO(OH)2 (g) + ½ O2 (g) → SrCrO4 (s) + H2O (g)
SrO (s) + CrO3 (g) → SrCrO4 (s)
Consequently, Cr contaminants were not be able to deposit on the LSM/YSZ interface, allowing
the electrode performance to remain stable (Figure 6.6).
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Figure 6.3. (a) Chromium distribution along the inner channel from the inlet to the outlet of the
SNO getter, which was exposed to Cr vapors at 650 oC for 100 h, measured by SEM-EDS analysis,
SEM image of the inlet (left inset), and photograph (right inset) of the getter. (b) SEM images and
EDS spectra (Al, Sr, Cr, and Ni) of inlet (left), inside (center), and outlet (right) regions of the
getter.
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Figure 6.4. (a) Raman spectra of the inlet of the SNO getters exposed to Cr vapors for 100 h at
650 °C and (b) 550 °C, respectively.

Figure 6.5. Gibbs free energies for the formation of SrCrO4 by the reaction between Cr vapors and
SrO (segregated on the SNO surface) as a function of temperature.
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Figure 6.6. Schematic illustration of (a) Cr deposition at the LSM/LSZ interface and (b) Cr capture
by SNO getter to mitigate the electrode degradation.

6.5. Conclusion
The Cr capture ability of SNO getter was demonstrated by electrochemical tests. In the
presence of the SNO getter, the electrode performance remained stable without degradation,
validating the efficacy of the getter. Post-characterization and thermodynamic analysis validated
that the SNO getter has the ability to capture gaseous Cr species by forming SrCrO4.
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CHAPTER 7: EVALUATION OF THERMAL AND HYDROLYTIC STABILITY OF
STRONTIUM NICKEL OXIDE

7.1. Abstract
Chromium getters composed of strontium nickel oxide (Sr9Ni7O21) offer a cost-effective
pathway for the mitigation of cathode poisoning in SOFCs by capturing gaseous chromium species.
The getter should be stable at high temperatures and humid environments to operate in SOFC
system. The thermal and hydrolytic stability of Sr9Ni7O21 was thus evaluated. The structural
changes of Sr9Ni7O21 samples, exposed at high temperatures and humid conditions, were analyzed
using SEM, XRD, and TGA. Above 950 oC, as-prepared strontium nickel oxide pellet was
pulverized by phase separation of Sr9Ni7O21 into NiO and SrO, which subsequently reacts with
CO2 in air to form SrCO3. In humid environment (3% H2O–air), as-prepared strontium nickel oxide
pellets were also deformed and pulverized by absorbing water molecules. It is found that strontium
is segregated, forming voluminous Sr(OH)2·8H2O and leaving Sr-deficient phase, i.e., SrNiO3.
The Sr-segregation is attributed not only to the hygroscopic nature of Sr but also to the compressive
stress and 1D arrangement of Sr-ions in the structure. To improve the resistance to moisture attack,
the surface was modified with SrCO3 layer by CO2-treatment. Experimental observations confirm
that the SrCO3 passivation layer effectively restrains the moisture absorption and accompanied
structural changes. The Cr-getter capability of the SrCO3 layer on strontium nickel oxide is
experimentally and thermodynamically verified.
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7.2. Introduction
Chromium getters composed of strontium nickel oxide (Sr9Ni7O21) have been developed
as an alternative approach to mitigate air-electrode poisoning. In the presence of the getter, the
SOFC cell under the flow of Cr vapor operated stably for 100 h, validating the efficacy of the
getter [1,2]. The getter material can also be used as an in-cell getter, such as SNO+LSCF mixtures
on LSM electrodes [3]. SrO-terminated SNO surface and/or SrO segregated onto the surface were
considered to function as a reactive site that captures Cr vapors. While the high activity of Sr in
SNO plays a key role in gettering Cr species, the thermal and hydrolytic stability of SNO was
poorly understood. It is, however, necessary to figure out its stability at high temperatures and
humid environments to operate in SOFC system.
In this chapter, the thermal and hydrolytic stability of SNO was evaluated and presented.
The structural changes associated with high-temperature phase separation and water-absorption
induced Sr-precipitation were investigated using X-ray diffractometry (XRD), scanning electron
microscopy (SEM), and thermal gravimetric analyzer (TGA). Particularly, the underlying
mechanism for water-absorption induced Sr-segregation is discussed from a crystallographic and
structural perspective.
The surface modification of SNO with SrCO3 layer by CO2-treatment to improve the
resistance to moisture attack is also presented. The reactivity of SrCO3 with gaseous Cr species,
as well as the enhanced stability against moisture, is experimentally and thermodynamically
evaluated to confirm its compatibility for capturing the gaseous Cr species.

7.3. Experimental
7.3.1. Thermal stability
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Strontium nickel oxide (SNO) was prepared by the conventional co-precipitation method
from strontium and nickel nitrates (Sigma-Aldrich, USA), as described in Chapter 6.3.1. The
resulting powder was pressed uniaxially into pellets, followed by sintering at 850 oC and 1000 oC
for 20 h. Their structural changes were analyzed using XRD (D8 Advance, Bruker, Germany) and
SEM (Quanta 250 FEG, FEI, USA).

7.3.2. Hydrolytic stability
Strontium nickel oxide (SNO) with various Sr to Ni ratios (molar ratios of Sr to Ni were
35:65, 45:55, and 55:45) were synthesized by the solid-state reaction of strontium hydroxide,
Ni(OH)2 (Sigma-Aldrich, USA). The Sr(OH)2·8H2O and octahydrate, Sr(OH)2·8H2O (SigmaAldrich, USA), and nickel(II) hydroxide, Ni(OH)2 precursor powders were ground and mixed for
24 h. The mixtures were subsequently heat-treated at 900 oC for 10 h in ambient air. The resulting
powder was pressed uniaxially into pellets, followed by sintering at 900 oC for 5 h and then at 850
o

C for an additional 5 h in ambient air. The SNO pellets were crushed into powers.
The SNO pellets were placed in a humid environment (with 2.7% moisture content,

measured by a ThermoPro hygrometer) at room temperature to examine the structural stability of
SNO to moisture. The changes in the pellet color and shape were visually observed on a daily basis,
followed by an in-depth examination of the surface morphology and chemistry by field-emission
environmental scanning electron microscopy (FE-ESEM; Quanta 250 FEG, FEI, USA) with
energy dispersive X-ray spectrometry (EDS). Time-elapsed structural analyses were performed by
X-ray diffractometry (XRD; D8 Advance, Bruker, Germany) with Cu kα radiation (λ = 0.1542 nm)
on the as-synthesized powder samples (Sr:Ni ratios of 35:65, 45:55, and 55:45) exposed to the
humid environment for 7 days followed by exposure to ambient air (0.3% H2O) for 5 days. The
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amount of absorbed water was measured using a thermogravimetric analyzer (TGA; Q500, TA
instrument, USA) up to 900 oC (heating rate of 3 oC min−1) in air. Crystal structures of Sr9Ni7O21
and SrNiO3 were drawn from atomic coordinates and displacements, as reported in the literature
[4,5]. The interatomic distances for Sr–O and Ni–O in both structures were extracted using
CrystalMaker X software, and the distributions of the distances were compared with each other to
examine the existence of intrinsic stresses.
For surface modification, SNO pellet and powder samples were heat-treated in a controlled
atmosphere (30%CO2-air and flow rate of 50 SCCM) at 150, 500, 600, and 700 oC for 5 h,
respectively. The evolving surface morphology was observed by SEM, and the fraction of SrCO3
phase was measured by TGA (up to 900 oC) in air. To assess the improved stability of the surfacemodified SNO, the CO2-treated SNO pellet and powder were placed in the humid environment,
followed by visual observation for 15 days, surface morphology analysis with SEM after 3 and 7
days, and TGA and XRD analyses after 7 days.

7.3.3. Reactivity with Cr vapor
The reactivity of SrCO3 passivation layer with gaseous chromium species was examined.
The experimental arrangement is similar to that reported earlier [6]. Cr2O3 powder was placed in
an alumina crucible ahead of SrCO3 powder in a quartz reactor. The reactor was heated to 650 oC,
and humidified air (∼3%H2O, RT water bubbling) was flown for 500 h. After the completion of
the test, the powder was analyzed by Raman spectroscopy (Ramanscope 2000, Renishaw, UK)
with a laser beam of 514.5 nm wavelength. Thermodynamic calculations for the probable reactions
were carried out from the database in HSC Chemistry 6.

- 201 -

7.4. Results and Discussion
7.4.1. Phase Separation at High Temperatures
To evaluate the thermal stability of SNO getter, as-prepared Sr9Ni7O21 pellets were heattreated at 850 °C and 1000 °C for 20 h. The morphology and structure changes were investigated
using SEM and XRD. Initially, at room temperature, the SNO pellet has a black color with an
average particle size of 1.25 μm, as shown in Figure 7.1. After the sintering at 850 °C for 20 h, the
pellet color remained unchanged while the average particle size increased to 1.56 μm (Figure 7.2).
After the sintering at 1000 °C for 20 h, the pellet color changed from black to brown. After
subsequent exposure to ambient air at room temperature for 24 h, the pellet became completely
pulverized, accompanied by another color change to jade green (Figure 7.3). Accordingly, the
average particle size decreased to 0.84 μm. Their structures were identified by XRD analysis. The
XRD pattern of the SNO pellet sintered at 1000 °C is comprised of the peaks for Sr(OH)2•H2O,
SrCO3, and NiO, whereas the XRD pattern of SNO pellet sintered at 850 °C is mainly composed
of those for Sr9Ni7O21. It is thus indicated that, at the high temperature of 1000 °C, the SNO phase
separates into NiO and SrO, which subsequently reacts with H2O and CO2 in air, leading to volume
expansion and pulverization. These results are well agreed with the phase diagram in Figure 7.3,
developed by M. Zinkevich, where it is shown that Sr9Ni7O21 is supposed to separate into SrO and
NiO at ≥1030 °C.
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Figure 7.1. SEM images of the surface of SNO pellets (a) at room temperature (RT) and (b)
sintered at 850 °C and (c) 1000 °C. Particle size distributions in the pellets (inset). Ref. [7].

Figure 7.2. XRD patterns of two SNO pellets sintered at 850 °C and 1000 °C for 20 h, followed
by exposure to ambient air for 24 h. Ref. [7].
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Figure 7.3. Isobaric projection of phase equilibria in the Sr–Ni–O system on the NiO–SrO plane
in air (PO2 = 0.209 atm). Lower part (T < 1350 °C)—experimental, upper part—calculated. Ref.
[8].

7.4.2. Hydrolytic Stability
Figure 7.4a shows the macrostructural change in the SNO pellet during exposure to humid
air. Observations indicate that, after approximately 50 h exposure, white spots started to appear on
the pellet surface. With continued exposure, the number of white spots increased while the pellet
expanded in volume. After 15 days, the pellet cracked with exfoliation and delamination. The SEM
observation with EDS, as shown in Figures 7.4b–7.4d, revealed that the white spots are Sr- and Cenriched nanorods. The XRD analysis of the moisture-exposed samples confirmed the presence of
SrCO3 (Figure 7.5c).
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Figure 7.4. (a) Photos of SNO (35:65 ratio) pellet in a humid environment (> 90% relative humidity)
for 1–15 days in which white spots are identified as SrCO3; SEM images of (b) the surface of asprepared SNO pellet and of (c) SNO pellet placed in a humid environment for 10 days; and (d)
EDS spectrum of the nanorods in (c).
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To understand the process of SrCO3 formation and resulting structural changes, the
structure of SNO powder was investigated over time by XRD analysis. Figure 7.5a shows that assynthesized SNO is predominantly composed of Sr9Ni7O21, Sr9Ni6.64O21, Sr5Ni4O11, and Sr4(Ni3O9)
as indicated by the superimposed peaks at 2θ = ~29˚ (refer to Figure 7.6), aside from the peaks for
NiO. Although it has been reported that Sr9Ni7O21 is the only phase that is thermodynamically
stable in the Sr–Ni–O system [8], it does not appear stable at room temperature. This corresponds
to our previous study using in-situ high-temperature XRD [7] in which the XRD patterns of SNO
recorded at 850 °C and 900 °C had a single peak distinguished at 2θ = 29˚ (assigned to (112) or
(119) planes), but the peak was split into three or more peaks at 2θ = ~29˚ with reduced intensities
when recorded at room temperature after the cooling. These results imply that the Sr9Ni7O21 phase
is not stable at low temperatures.
Figure 7.5b shows the XRD pattern of the SNO powder placed in the humid environment
for 1 week. Several changes were identified; (i) the peaks for Sr(OH)2•8H2O (JCPDS 27-1438)
and SrNiO3 (JCPDS 25-0904) formed, and (ii) the peak for the plane (300) at 2θ = 33˚ decreased
significantly in the intensity, as compared to the other peaks. It is proposed that Sr is readily
segregated from Sr9Ni7O21 in contact with moisture forming Sr(OH)2•8H2O while the loss of Sr
leads to the structural rearrangement from Sr-deficient phase (Sr9-δNi7O21) into SrNiO3, as per the
following reaction:
Sr9Ni7O21 + xH2O → 7SrNiO3 + 2Sr(OH)2•8H2O
After drying the SNO sample in ambient air for 5 days, the structure was analyzed again by XRD.
The XRD pattern in Figure 7.5c shows the appearance of the peaks for SrCO3 and the
disappearance of the peaks for Sr(OH)2•8H2O, indicating that Sr(OH)2•8H2O phase during
dehydration is subject to reaction with CO2 to form SrCO3. This assumption is supported by the
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fact that the reaction of Sr(OH)2 and CO32+ ions favors the formation of SrCO3 nanorods, based
on the literature related to the synthesis of nanostructured carbonates [9,10].

Figure 7.5. XRD patterns of (a) as-synthesized SNO powders with Sr/Ni ratios of 35:65, 45:55,
and 55:65, respectively; (b) the SNO powders placed in a humid environment for 1 week; and (c)
the SNO powders subsequently dried in ambient air for 5 days.
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Figure 7.6. XRD references for strontium nickel oxides in JCPDS.

The trend for such structural transformation by H2O absorption is consistent with the other
SNO samples of different Sr to Ni ratios. The XRD peak intensities for Sr(OH) 2•8H2O, SrCO3,
and SrNiO3 phases show larger changes as the Sr to Ni ratio increases (Figure 7.5).
Correspondingly, TGA analysis in Figure 7.7 shows that the degree of weight loss for the three
hydrated SNOs is greater as the ratio of Sr to Ni increases, implying that the weight loss over
temperature is mainly due to the loss of H2O absorbed on SNO. As is evident, the weight loss up
to 100 °C is due to the evaporation of physi/chemisorbed water molecules including 8H2O from
Sr(OH)2•8H2O [11]; the weight loss at around 400 °C is attributed to the dissociation of H2O from
Sr(OH)2 [11]; and the weight loss at > 750 °C is caused by the release of CO2 (g) in the
decomposition of SrCO3 to SrO [12].
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Figure 7.7. TGA curves of as-synthesized SNOs with different Sr/Ni ratios of 35:65, 45:55, and
55:65, respectively, and of the SNOs having been placed in a humid environment for 1 week.

Based on the literature pertaining to the stability of perovskite electrodes in SOFC, Srsegregation is likely to occur when the size mismatch between the host and dopant cations in Asite is large, particularly in (La,Sr)CoO3 and (La,Sr)(Co,Fe)O3 [13–16]. The driving force is
regarded as local compressive stress around Sr2+ owing to its relatively large size (0.144 nm in
coordination number of 12) [17–19]. In order to understand the presence of local stress around Sr2+
in Sr9Ni7O21, the interatomic distances between Sr2+ and O2- (i.e., Sr–O) in Sr9Ni7O21 and SrNiO3
were calculated and compared with each other. Figure 7.8a shows the distribution of Sr–O and Ni–
O distances in both structures. While the Ni–O distances are similar in both Sr9Ni7O21 and SrNiO3
structures (i.e., 1.95±0.15 Å), the Sr–O distances are considerably different in both structures
(2.39–2.89 Å in Sr9Ni7O21 and 2.68–2.88 Å in SrNiO3). The overall Sr–O distances in Sr9Ni7O21
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are shorter than those in SrNiO3. Additionally, considering the large size of O2- and Sr2+ ions (e.g.,
1.40 Å for 6 coordination and 1.44 Å for 12 coordination, respectively), Sr-ions in Sr9Ni7O21 would
be under compressive stress along the a- and b-axes, particularly, the Sr-ions with short Sr–O
distances of 2.4–2.5 Å (red-circled in Figure 7.8a) which is considered as the driving force for Srsegregation.
In the same manner, the investigation was also conducted on Sr4Ni3O9, which is another
phase detected by XRD. Note that the so-called Sr5Ni4O11 is, in fact, close to Sr4Ni3O9, discovered
by F. Abraham et al. [20]. Figure 7.9a shows the schematic unit cell of Sr4Ni3O9. Sr4Ni3O9 is built
up with NiO3 chains along the three-fold c-axis (i.e., NiO6 octahedra and NiO6 trigonal prisms
alternating and sharing faces) and Sr2+ ions intercalated between the 1D Ni chain oxides. The
structural arrangements of Sr9Ni7O21 and Sr4Ni3O9 appear very similar (Figures 7.10 and 7.9a,
respectively) in that Sr ions are intercalated between the 1D Ni chain oxides for both structures.
Correspondingly, very short Sr–O distances of 2.4–2.5 Å were also observed (Figure 7.9b),
validating the existence of the local compressive stress onto Sr ions.
Figure 7.8b shows schematic unit cell arrangements of Sr9Ni7O21 and SrNiO3 (see Figure
7.10 for more images). The structure of Sr9Ni7O21 is composed of NiO6 polyhedral chains along
c-axis (i.e., NiO6 octahedron and NiO6 trigonal prism alternating and sharing faces) and Sr2+ ions
between the NiO6 chains parallelly [5]. Because Sr-ions are intercalated between the 1D Ni chain
oxides, the Sr-ions would be more mobile along c-axis than other directions. It is proposed that the
water absorption followed by Sr-segregation occurs dominantly on (001) plane (Figure 7.8b:
Sr9Ni7O21). In contrast, in the structure of SrNiO3, NiO6 octahedrons share corners as well as faces,
and Sr-ions are located between the NiO6 octahedrons (Figure 7.8b: SrNiO3) [4]. It is indicated
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that Sr-segregation in Sr9Ni7O21 is attributed not only to the hygroscopic nature of Sr but also to
the 1D arrangement of Sr-ions and compressive stress in the structure.

Figure 7.8. (a) Distributions of the interatomic distances of Sr–O and Ni–O in Sr9Ni7O21 (top) and
SrNiO3 (bottom) and (b) Schematic unit cells of Sr9Ni7O21 (R-3c; a = 9.5240 Å and c = 36.0080
Å) and SrNiO3 (P63/mmc; a = 5.3550 Å and c = 9.7200 Å).
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Figure 7.9. (a) Schematic unit cell of Sr4Ni3O9 (P321; a = 9.47700 Å and c= 7.82500 Å; JCPDS
01-082-2349) (left), and Projections of the unit cell along [001] and [110] directions (middle and
right, respectively). (b) Distributions of the interatomic distances of Sr–O and Ni–O in Sr4Ni3O9
in which the distances are rounded off to one decimal digit.

Figure 7.10. Schematic unit cells of Rhombohedral 𝑅3̅𝑐 structure of Sr9Ni7O21 (top) and
Hexagonal P63/mmc structure of SrNiO3 (bottom). The structure of Sr9Ni7O21 consists of NiO6
polyhedral chains along c-axis (i.e., NiO6 octahedron and NiO6 trigonal prism alternating and
sharing faces) and Sr2+ ions intercalated between the NiO6 chains parallelly. On the other hand,
SrNiO3 has NiO6 octahedrons that share corners as well as faces.
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7.4.3. Surface Modification with SrCO3 Layer
The formation of Sr(OH)2•8H2O, in particular, contributes to the volume expansion as it
has a much larger unit volume (142.27 cm3 mol-1) compared with other oxide constituents (refer
to Table 7.1). As Sr-segregation and accompanied structural transformation lead to volume
expansion and deformation (Figure 7.11; left), it remains of interest to design the structure that
provides long-term stability to SNO.
The SNO surface was modified with SrCO3 passivation layer to restrain H2O absorption
and minimize volume change. The SrCO3 phase was selected as it is less hygroscopic and also
capable of capturing Cr vapor based on thermodynamic calculations (see Figures 7.12 and 7.13).
The SrCO3 layer was formed on the surface of SNO by heat-treatment in a 30%CO2-air atmosphere.
Figure 7.14 shows the surface morphology of SNOs encapsulated with SrCO3 at different
temperatures. After the CO2-treatment, the smooth surface of SNO became bumpy and rough,
indicating the formation of SrCO3 on the surface, which is also validated by XRD (Figure 7.15:
before). With the increase in treatment temperature, the surface layer becomes thicker and more
crystalline, while adjacent SNO particles are also cemented and connected (Figure 7.14). TGA
results (Figure 7.16) also support the above results. With the increase in treatment temperature,
the weight loss at 600–900 °C increases, which is associated with decomposition of SrCO3 layer,
confirming that the high-temperature treatment provides thick and well-crystallized angular SrCO3
layers.
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Table 7.1. Molar volume of chemicals calculated based on JCDPS data.
Chemical formula

Molar mass
(g/mol)

Density (g/cm3)

Molar volume
(cm3/mol)

Sr9Ni7O21

1535.47

5.408

283.93

SrNiO3

194.32

5.347

36.34

SrO

103.62

5.027

20.61

Sr(OH)2

121.63

3.407

35.70

Sr(OH)2-H2O

139.65

3.052

45.76

Sr(OH)2-8H2O

265.76

1.868

142.27

SrCO3

147.63

3.785

39.00

SrCrO4

203.61

3.953

51.58

NiO

74.7

6.85

10.91

Figure 7.11. Schematic diagrams for the deformation process of SNO structure by H2O absorption
(left) and for the protective effect of SrCO3 passivation layer (right).
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Figure 7.12. XRD patterns and TGA curves of SrCO3 powders before and after exposure to the
humid environment for 100 h. The XRD patterns and TGA curves before and after the exposure
remained unchanged. This indicates that, unlike SNO, SrCO3 is not hygroscopic.

Figure 7.13. Phase diagram of SrCrO4 and SrCO3 as functions of temperature and partial pressure
of CrO2(OH)2. Lines (1,2, and 3) are equilibrium partial pressures at 500–900 °C of CrO2(OH)2
gas for the following reactions: Cr2O3 + 1.5O2(g) + 2H2O(g) = 2CrO2(OH)2(g) (line 1), SrCO3
+CrO2(OH)2(g) = SrCrO4 + H2O(g) + CO2(g) (line 2), and SrO + CrO2(OH)2(g) = SrCrO4 + H2O(g)
(line 3). Line 3 draws up the boundary between SrCrO4 and SrCO3 phases.
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Figure 7.14. SEM images of the surface of SrCO3-coated SNO pellets obtained by heat-treatment
at 150, 500, 600, and 700 °C in the 30%CO2-air atmosphere for 5 h, respectively: (a) assynthesized SNO (35:65); (b) SNO (35:65) CO2-treated at 150 °C; (c) SNO (45:55) CO2-treated
at 500 °C; (d) SNO (55:45) CO2-treated at 600 °C; and (e) SNO (55:45) CO2-treated at 700 °C.
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Figure 7.15. XRD patterns of three different types of SNO powders before and after the exposure
to the humid environment for 1 week: (a) untreated SNO powder (Sr/Ni ratio of 55:45); (b) SNO
CO2-treated at 600 °C and (c) SNO CO2-treated at 700 °C. The surface-modified SNO powders
by CO2-treatment at 600 °C and 700 °C show small changes in their XRD patterns after exposure
to a humid environment (Figures 7.15b and 7.15c), as compared with the change in the untreated
SNO (Figure 7.15a). In particular, the SNO sample surface-modified at 700 °C shows almost no
change, except for the tiny peak for Sr(OH)2•8H2O, verifying the enhanced resistance to moisture.
The results correspond to the TGA results in Figure 7.19.
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Figure 7.16. TGA curves of as-synthesized SNO (Sr:Ni ratio of 45:55) powder and SrCO3-coated
SNO powders obtained by CO2-treatment at 150, 500, 600, and 700 °C, respectively.

The structural stability of the SrCO3-coated SNO against moisture was examined. The SNO
treated in CO2 at 700 ˚C was exposed to the humid environment (Figure 7.17). Despite exposure
to the humid environment for 15 days, the pellet maintained its cylindrical shape without breakage
and exfoliation, thus verifying the protective effect of SrCO3 layer. Figures 7.18d–7.18f show the
surface morphologies of the SrCO3-coated SNO before and after exposure to the humid
environment for 3 and 7 days. The surface shows no apparent change such as nanorod growth
indicative of the formation of voluminous hydroxides. For the SNO sample treated in CO2 at 150
˚C, on the other hand, Sr-segregation with the nanorod growth (Figures 7.18a–7.18c) was observed
because of the insufficient thickness of the protective layer. TGA curves in Figure 7.19
quantitatively validate the protective effect of SrCO3. The amount of absorbable water (i.e., the
weight loss up to 600 °C) significantly decreased after the CO2-treatment. The findings are also in
good agreement with their XRD patterns (Figure 7.15). From the experimental results, it is
concluded that the SrCO3 layer with sufficient thickness protects the underlying bulk SNO from
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hydration and volume change. Figure 7.11 schematically represents the protective effect of SrCO3
layer by comparing bare and surface-modified SNOs in the presence of moisture.

Figure 7.17. SrCO3-coated SNO (Sr:Ni ratio of 55:45) pellet, which is obtained by CO2-treatment
at 700 °C, in the humid environment for 15 days.
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Figure 7.18. SEM images of (a) surface-modified SNO (35:65) pellet by CO2-treatment at 150 °C
and (b) its surface morphology exposed to the humid environment for 3 days and (c) 7 days; and
(d) surface-modified SNO (55:45) pellet by CO2-treatment at 700 °C and (e) its surface
morphology exposed to the humid environment for 3 days and (f) 7 days.
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Figure 7.19. TGA curves of SrCO3-coated SNOs (Sr:Ni ratio of 55:45) obtained by CO2-treatment
at 600 °C and 700 °C (termed CO2(600°C) and CO2(700°C), respectively), and of the SrCO3coated SNOs placed in a humid chamber for 1 week (termed CO2(600°C)+H2O and
CO2(700°C)+H2O, respectively). For comparison, the curve for the bare SNO placed in a humid
chamber for 1 week (termed untreated+H2O) is also included. (Their corresponding XRD patterns
are displayed in Figure 7.15.)

7.4.4. Cr-capture over SrCO3 Layer
Even though the SrCO3 layer prevents SNO from absorbing moisture as experimentally
demonstrated, the surface barrier layer must also allow for the capture of gaseous Cr species. The
feasibility of the reaction between SrCO3 and Cr vapor has been studied by thermodynamic
calculations. Figure 7.13 shows the phase diagram of SrCrO4 and SrCO3 as functions of
temperature and CrO2(OH)2 partial pressure, which is based on the equilibrium partial pressures
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of gaseous chromium species in humid air. Curve 1 represents the equilibrium partial pressure of
CrO2(OH)2 over Cr2O3 (pure phase). The equilibrium partial pressure of the gaseous chromium
species over SrCO3 (curve 3) is significantly lower by 6–7 orders of magnitude than that of the
gaseous chromium species over Cr2O3 (curve 1) because of the formation of stable SrCrO4,
implying the Cr-gettering capability of SrCO3 layer. It is noted that SrCO3 layer does not remain
stable above 760 °C but dissociates to SrO (see Figure 7.20). In order to validate the efficacy of
SrCO3 as Cr-getter, SrCO3 powder was placed in a stream of Cr vapor for 500 h at 650 °C (Figure
7.21a). After the completion of the test, the color of inlet SrCO3 changed from white to yellow
(Figure 7.21b). Raman spectroscopy shows that the yellow coloration is due to the formation of
SrCrO4 (Figure 7.21c), supporting the aforementioned thermodynamic hypothesis.

Figure 7.20. phase diagram of SrCO3 as a function of temperature (400–900 °C) in air. The
boundary between SrCO3 and SrO is drawn from the equilibrium partial pressure of CO2 for the
reaction, SrCO3 = SrO + CO2(g).
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Figure 7.21. (a) Schematic configuration for the test that verifies the reaction of SrCO3 and Crvapor; (b) the tubes before and after the test that was conducted for 500 h at 650 °C in a stream of
Cr vapor evolved from Cr2O3 in humid air (~3% H2O), and the SrCO3 powder in the inlet side;
and (c) Raman spectra of the powder before and after the test.

7.5. Conclusions
Chromium getters composed of strontium nickel oxide (Sr9Ni7O21) offer a cost-effective
pathway for the mitigation of cathode poisoning in solid oxide fuel cells by capturing gaseous
chromium species. The getter material, however, remains prone to chemical and structural changes
in humid environments. Experimental observations indicate that Sr is segregated by absorbing H2O
molecules, and the resulting Sr-deficient phase is transformed into SrNiO3. The comparison of
interatomic distances of Sr–O in Sr9Ni7O21 and SrNiO3 showed that Sr-ions in Sr9Ni7O21 are
intrinsically under high compressive stress along the a- and b-axes by being intercalated between
1D NiO6 chains along the c-axis. Sr-segregation in Sr9Ni7O21 is attributed not only to the
- 223 -

hygroscopic nature of Sr but also to the compressive stress and 1D arrangement of Sr-ions in the
structure. The formation of Sr(OH)2•8H2O by moisture absorption accompanies volume expansion,
resulting in crack formation. To improve the resistance to moisture attack, SNO surface has been
modified with the SrCO3 layer by CO2-treatment. With the passivation layer, the structural changes
associated with H2O-absorption and the Sr-segregation could be restrained. It has been confirmed
the SrCO3 layer on SNO also has the ability for capturing Cr vapor.
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CHAPTER

8:

GROWTH

MECHANISM

OF

ONE-DIMENSIONAL

SrCO3

NANOSTRUCTURES FROM HYDRATED STRONTIUM COMPOUNDS

8.1. Abstract
The underlying science of the SrCO3 nanorod growth from Sr9Ni7O21 in the presence of
moisture at room temperature was studied. It is found that trace water serves an important role in
forming and structuring vertically oriented strontianite nanorod arrays on strontium compounds.
Using in situ Raman spectroscopy, I monitored the structural evolution from hydrated strontium
to strontianite nanorods, demonstrating the epitaxial growth by vapor-liquid-solid mechanism.
Water molecules cause not only the exsolution of Sr liquid droplets on the surface but also the
uptake of airborne CO2, followed by its ionization to CO32-. The existence of intermediate SrHO+–
OCO22- phase indicates the interaction of CO32- with SrOH+ in Sr(OH)x(H2O)y cluster to orient
strontianite crystals. X-ray diffraction simulation and transmission electron microscopy identify
the preferred-orientation plane of the 1D nanostructures as the (002) plane, i.e., the growth along
the c-axis. The anisotropic growth habit is found to be affected by the kinetics of carbonation. This
study paves the way for the design and development of the 1D architecture of alkaline earth metal
carbonates by a simple method without external additives at room temperature.

8.2. Introduction
Strontium is an alkaline earth metal that has two electrons in the outer valence shell. It has
a very low electronegativity (1.0), thus tending to be readily ionized as Sr2+ to react with oxygen
and H2O in air [1]. It is an important element as A-site dopant or ingredient in perovskite-type
electrodes and catalysts [2–4]. For instance, in (La,Sr)MnO3 and (La,Sr)(Co,Fe)O3 perovskite
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cathodes, the Sr2+ substitution for La3+ provides a structure that is favorable to polaron hopping,
improving the electrical conductivity in solid oxide fuel cells (SOFC) [5–8].
Sr surface segregation frequently occurs in perovskite structures and is among important
issues since the near-surface structure determines the overall property of the materials. The
relatively large size of Sr2+ (0.144 nm for 12 coordination) is regarded as the cause of the
segregation [9–14]. In humid environments, the segregation is accelerated as the absorption of
H2O distorts the lattice, allowing for facile migration of Sr ions toward the surface [15–17]. The
segregated Sr is likely to exist as SrCO3 on the surface [18].
Strontianite, or SrCO3, has a wide range of applications, such as in dye-sensitized solar cell
[19], thermochemical energy storage [20], cataluminescence-based sensor [21], eletrocatalyst [22],
and photocatalyst [23–25], apart from raw material in industry. The morphology control of SrCO3
has attracted considerable interest as providing the opportunity to explore and develop novel
properties: e.g., urchin-like SrCO3 particles showed enhanced specific capacitance [26], and
vertically-oriented SrCO3 nanorods exhibited photoluminescence (PL) quenching over the full
solar spectrum range [27].
In fabricating SrCO3 hierarchical superstructures (e.g., needle-, dumbbell-, and flower-like
morphologies), various synthesis methods including hydrothermal route have been developed,
where strontium nitrate, chloride, and acetate are frequently used as the Sr source (listed in Table
8.1) [26–42]. Our recent work showed that the continuous Sr segregation induced by H2O
absorption leads to the formation of SrCO3 (as described in Chapter 7), especially with nanorod
morphology [16]. However, no report has been found for the SrCO3 formation via H2O absorption
induced Sr-segregation in ambient environment, which could be closely related to the biomineral
carbonation in nature. Despite great advances in the synthesis and application, studies on the
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fundamental science of SrCO3 formation have lagged behind. For further design and development
of one-dimensional (1D) architectures of SrCO3, though, the growth mechanism of SrCO3
nanorods needs to be understood.
The current study focuses on the structuring role of water in the growth of single-crystalline
SrCO3 nanorod arrays. The evolution of hydrated strontium into SrCO3 is investigated by in situ
Raman spectroscopy. It is found that the hydrated Sr has a strong tendency to absorb CO2 in air
whereas non-hydrated Sr does not. The observation of the intermediate phase, as well as
thermodynamic considerations, elucidates the reaction pathway for the formation of SrCO3. X-ray
diffraction (XRD) simulation and transmission electron microscopy (TEM) analyses further reveal
that the epitaxial growth of SrCO3 occurs along the c-axis, leaving stacking faults behind.
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Table 8.1. Methods and chemicals used for the morphology-controlled synthesis of SrCO3,
and their applications.
Morphology
Rod-,
shuttle-,
peanut-,
bouquet-,
and sphere-like
Nanorods

Method
Screw
capped
method

Bundle-like,
dumbbell-like,
spherical particles

Precipitation

Flower-like

Hydrothermal
synthesis
Reverse micelle
method

Nanoneedles

Nanoparticles
Whiskers, nanorods,
spherical, ellipsoidlike, nanoneedles
Pine-leaf-like
Flower-like
Dandelion-like, and
double-trumpet-like
Micro-needle
Spherical, flower-like
and pancake-like
Fiber aggregates

Urchin-like
Microspindle-,
nanopompon-,
microdumbbell-,
prism-, and branchlike
Quasi-vertically
grown nanoneedles

Ultrasonic
method

Microwaveassisted method
Solvothermal
synthesis
Solvothermal
synthesis
Solvothermal
synthesis
Aqueous solution
route
Biological
synthesis
Precipitation
Calcination
of
strontium acetate

Hydrothermal
synthesis
Hydrothermal
synthesis

Combined
electrospinningcalcination
technique

Chemical
Strontium chloride (SrCl2),
ammonium
carbonate
((NH4)2CO3), and natural gums
Strontium acetate (Sr(Ac) 2, or
Sr(CH3COO)2), and sodium
hydroxide (NaOH)
Strontium nitrate (Sr(NO 3)2),
sodium carbonate (Na2CO3),
and
poly-(styrene-alt-maleic
acid)
Sr(NO3)2, and NaOH

Application
-

Ref.
[35]

-

[36]

-

[37]

-

[38]

Sr(NO3)2,
n-butylalcohol,
cyclohexane (C4H10O), and
Na2CO3
Sr(NO3)2, and NaOH

-

[39]

-

[40]

Sr(NO3)2, and Na2CO3

-

[41]

Sr(NO3)2, and NaOH

-

[42]

SrCl2, and urea

-

[28]

SrCl2, and NaOH

-

[29]

SrCl2, and fungus

-

[30]

SrCl2 and Na2CO3 in alcohol or
water solution
Sr(Ac)2,
acetic
acid
(CH3CO2H),
and
2methoxyethanol
mixture
(C3H8O2)
Sr(NO3)2, and urea

-

[31]

Photoluminescence

[32]

Capacitor

[26]

Sr(NO3)2, and (NH4)2CO3

Photocatalytic
oxidation
of
hydrocarbon gases

[33]

Sr(Ac)2, and polyvinyl alcohol

Photoluminescence
quenching

[27]
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8.3. Experimental
For the preparation of strontium nickel oxide (Sr9Ni7O21), the mixtures of Sr(OH)2·8H2O
(Sigma-Aldrich, USA) and Ni(OH)2 (Sigma-Aldrich, USA) were heat-treated at 850–900 ˚C in
air, where the molar ratios of Sr to Ni were 35:65 and 45:55 (see Ref. [14]). As-prepared SNO
powder (Sr:Ni ratio of 45:55) and SNO pellet (Sr:Ni ratio of 35:65) were placed in a humid
environment (i.e., a sealed container containing water at the bottom, 2.7% H2O content measured
by a ThermoPro hygrometer). The pellet surface, which was exposed to the humid environment
for 0-to-48 hours and 10 days, was examined by a field-emission environmental scanning electron
microscope (FE-ESEM; Quanta 250 FEG, FEI, USA) equipped with an energy dispersive X-ray
spectrometer (EDS), for which the specimens were coated with gold either after being dried in
ambient air or immediately after being taken out from the humid condition. For STEM analysis,
the SNO pellet, exposed to the humid environment for 5 days, was sliced using a focused ion beam
(FIB; Helios Nanolab 460F1, FEI, USA). The specimen was analyzed using STEM (Talos F200X
S/TEM, FEI, USA). The structural changes in SNO powder, exposed to the humid environment
for 1 week and subsequently dried in ambient air for 5 days, were analyzed using an X-ray
diffractometer (XRD; D8 Advance, Bruker, Germany) with Cu-kα radiation (λ = 0.1542 nm).
The structures and morphologies of as-received SrO (Alfa Aesar, USA) and Sr(OH)2·8H2O
(Sigma-Aldrich, USA), exposed either to an ambient atmosphere (with 400 ppm CO2 and 1.2%
H2O contents) or to CO2-air mixture (with 30% CO2 and ~0% H2O contents) at room temperature,
were analyzed using XRD and SEM. CrystalDiffract software (Version 6.8.2, CrystalMaker
Software Ltd.) was used to identify and simulate XRD patterns of SrCO3 nanorods with different
growth directions. The following parameters were used in the simulation: Pmcn (orthorhombic);
lattice constants a = 5.107 Å, b = 8.414 Å, and c = 6.029 Å; and crystallite size = 14 nm. TEM
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analysis (Talos F200X S/TEM; FEI, USA) was performed on SrCO3 nanorods grown from
Sr(OH)2·8H2O in humid condition. For TEM sample preparation, the nanorods were dispersed in
ethanol and dropped onto a carbon-coated grid. TEM images were obtained at an accelerating
voltage of 200 kV, followed by fast-Fourier-transformation analysis.
For in situ monitoring of the growth of SrCO3 from hydrated SrO, Raman spectroscopy
(Ramanscope 2000, Renishaw, Gloucestershire, UK) was employed. As-received SrO particles
were drenched in a droplet of DI water on a microscope glass slide to form an aqueous film of
strontium hydroxide hydrate. Raman spectra of the film were then recorded over time with a laser
of 514.5 nm wavelength. Gibbs free energies for the probable reactions between strontium and
carbon ions were calculated from the database in HSC Chemistry 6 (Outotec, Finland).

8.4. Results
8.4.1. Moisture Absorption and SrCO3 Vertical Growth
As an example, Sr9Ni7O21, which is one of Sr-enriched structures and subject to Sr
segregation in humid environment, was used to investigate the growth of SrCO3 nanorods from
hydrated strontium compounds. Figure 8.1a shows scanning electron microscopy (SEM) images
of the surface of strontium nickel oxide (SNO; Sr9Ni7O21) exposed to a humid environment (2.7%
H2O) for 0-to-48 h and 10 days. It is seen that Sr is readily segregated from SNO by absorbing
moisture, leading to the growth of nanorods on the surface. Figure 8.1b displays the cross-sectional
images (HAADF and elemental mapping) of the nanorods on the SNO surface. Sr-enrichment is
observed in the surface nanorods and along the SNO grain boundaries. The nanorod is identified
as SrCO3 (Pmcn; JCPDS No. 05–0418) by the fast-Fourier-transform (FFT) technique (Figure
8.1c), thus demonstrating Sr-segregation and SrCO3 growth from a Sr-rich compound.
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Figure 8.1d shows XRD patterns of SNO powder before and after being exposed to the humid
environment and subsequently dried. The results reveal that the segregated Sr exists as
Sr(OH)2·8H2O. The hydrated Sr-hydroxide is then transformed into SrCO3, as indicated by the
XRD patterns (Figure 8.1d) where the peaks for Sr(OH)2·8H2O disappear while those for SrCO3
arise. Thus, it is evident that Sr(OH)2·8H2O is subject to reacting with CO2 in air to form SrCO3,
as per the reaction.
Sr(OH)2·8H2O + CO2 (g) → SrCO3 + 9H2O (Eq. 1)
It is interesting that the SrCO3 here grows in one-dimension, eventually forming SrCO3 nanorod
arrays on the SNO surface (Figure 8.1e). Such a phenomenon is assumed to occur in other alkalineearth-metal compounds. While water molecules are considered contributors to the directional
growth, the role of water molecules in Sr carbonation is rarely studied. It remains to be discovered
how Sr(OH)2·8H2O in air transforms into SrCO3 and how the resultant SrCO3 has 1D morphology.
These questions will be answered in the following sections.
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Figure 8.1. (a) SEM images of the surface of strontium nickel oxide pellet before and after the
exposure to a humid environment (2.7% H2O content) for 1 h, 3 h, 7 h, 19 h, 48 h, and 10 days.
The SEM-EDS spectrum of the nanorod array is also presented in Figure 8.2. It is noted that these
samples were dried in ambient air (0.3% H2O content) for 2 h after exposure to the humid
environment. SEM images of the samples that were not dried are displayed in Figure 8.3. (b)
Elemental mapping images (Ni, Sr, and O) of the cross-section of the SNO pellet exposed to the
humid environment for 5 days, analyzed using FIB and STEM-EDS. (c) High-resolution TEM
image of the nanorod grown on the SNO surface and the corresponding FFT pattern indexed in the
Pmcn space group of SrCO3. (d) XRD patterns of as-synthesized SNO (Sr:Ni = 45:55), and the
SNO placed in humid environment for 1 week and subsequently dried in an ambient atmosphere
for 5 days, which are reproduced from Ref. [16] with permission from The Electrochemical
Society. (e) Schematic representation of the structural evolution of SNO by hydration and the
accompanying SrCO3 nanorod growth.
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Figure 8.2. SEM image and EDS spectrum of the nanorod array grown on the surface of SNO
pellet after exposure to a humid environment (2.7% H2O content) for 10 days.

Figure 8.3. SEM images of the surface of strontium nickel oxide pellet before (a) and after
exposure to a humid environment (2.7% H2O content) for 1 h (b), 3 h (c), 7 h (d), 17 h (e), and 48
h (f). The samples were vacuumed at 50 mTorr immediately after taking out the samples from the
humid environment. In humid environment, strontium was segregated as Sr(OH)2·8H2O onto the
SNO surface (Figure 8.1). Then, the SNO was vacuumed at 50 mTorr. During the vacuum pumping,
the Sr(OH)2·8H2O appeared to be stretched to yield needle-like morphology. It is thus indicated
that each particle surface has aqueous liquid Sr(OH)x·(H2O)y layer over crystalline Sr(OH)2·8H2O,
which facilitates the oriented growth of SrCO3.
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8.4.2. Effect of Moisture on SrCO3 Formation
In order to study the influence of moisture on the formation of SrCO3, as-received SrO and
Sr(OH)2·8H2O powders were placed for 24 h in an ambient room air (1.2% H2O present; and 400
ppm CO2) or under a flow of CO2–air mixed gas (H2O absent; and 30% CO2), and then their
morphology and structure changes were analyzed by SEM and XRD.
Figure 8.4 displays XRD patterns and SEM images of the SrO exposed to the two different
atmospheric conditions. Several distinguishing characteristics of the reactivity of SrO with air were
revealed as follows. First, as-received SrO (Alfa Aesar, USA) was identified as Sr(OH)2·H2O with
small Sr(OH)2 by XRD analysis (Figure 8.4a) since SrO was readily hydrated by absorbing
airborne moisture during the XRD analysis, indicating the hygroscopic nature of SrO. Second, it
is interesting that SrO (and if any existing Sr(OH)2) does not react with airborne CO2 in the absence
of moisture; that is, no SrCO3 formed under dry air flow, albeit containing a high concentration of
CO2 (30%) (Figures 8.4b and 8.4d). In other words, the reaction between SrO and CO2 occurs only
in the presence of moisture; indeed, SrCO3 was produced in an ambient air containing moisture
(1.2% H2O in this case) although the concentration of CO2 was as low as 400 ppm (Figure 8.4c).
Third, a morphological transformation into nanorods during the SrCO3 formation was observed
(Figure 8.4e). Further information to understand the anisotropic growth of SrCO3 is given in Figure
8.5.
Figure 8.5 shows XRD patterns and SEM images of the Sr(OH)2·8H2O exposed to the two
different atmospheric conditions. It is found that the exposure of hydrated strontium (i.e.,
Sr(OH)2·8H2O) to CO2, regardless of the presence of moisture, results in the formation of SrCO3
(Figures 8.5a–8.5c), corresponding to the above discussion. SEM observations reveal that the
SrCO3 tends to grow in one-dimension when derived from Sr(OH)2·8H2O (Figures 8.5d and 8.5e).

- 236 -

This tendency is very prominent for the Sr(OH)2·8H2O exposed to air containing moisture (Figure
8.5e). That is, quasi-vertically aligned SrCO3 nanorod arrays were produced from the
Sr(OH)2·8H2O further hydrated in the presence of moisture (i.e., 1.2% H2O with 400 ppm CO2 in
an ambient air) (Figure 8.5e) whereas irregularly aligned SrCO3 nanorods with relatively small
aspect ratios grew in a moisture-free environment (i.e., dry air with 30% CO2) (Figure 8.5d).

Figure 8.4. XRD patterns of SrO before and after exposure to ambient room air (1.2% H2O present,
and 400 ppm CO2) and a CO2-air mixed gas (H2O absent, and 30% CO2) for 24 h (a–c), and their
corresponding SEM images (d and e). Note that the XRD pattern of SrO could not be properly
recorded because SrO was readily hydrated by absorbing airborne moisture in the middle of XRD
analysis; thus, Sr(OH)2 and Sr(OH)2·H2O were detected instead of SrO.
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Figure 8.5. XRD patterns of Sr(OH)2·8H2O before and after exposure to an ambient room air (1.2%
H2O present, and 400 ppm CO2) and a CO2-air mixed gas (H2O absent, and 30% CO2) for 24 h (a–
c), and their corresponding SEM images (d and e).

The anisotropic growth of SrCO3 from Sr(OH)2·8H2O in air can be explained by
considering the reaction kinetics. As per Eq. 1, in the very low partial pressure of CO2 (i.e., 400
ppm in air), the reaction rate for SrCO3 formation would be very slow, so that the clusters and
nuclei of SrCO3 afford movement and rotation to assemble along their preferential orientation,
resulting in the 1D-oriented growth of SrCO3. This is possible because moisture can hydrate and
form aqueous liquid layer over the solid crystalline Sr(OH)2·8H2O where SrCO3 nuclei can move
and rotate freely; indeed, the presence of aqueous liquid layer on SNO surface was found (see
Figure 8.3).

8.4.3. Preferred Growth Orientation of SrCO3
The preferred orientation for the growth of SrCO3 is further investigated by XRD
simulations together with the measured XRD data. First, the XRD pattern of the quasi-vertically
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aligned SrCO3 nanorod arrays in Figure 8.5c was closely inspected. The intensity of (111) peak is
the strongest, while that of (021) peak seems to be weakened. This has often misled us to make an
incorrect conclusion that the SrCO3 crystal grows mainly along the (111) face [33,43]. However,
such XRD pattern (at ~25.5˚ in Figure 8.5c) is likely due to the broadening and overlapping of
(111) and (021) peaks, rather than to the (111) oriented growth, which is in good agreement with
the XRD profile simulated as a function of SrCO3 crystallite sizes (see Figure 8.6). Since the peaks
for (002), (113) and (023) planes, as shown in Figure 8.5c, have much stronger intensity than those
of typical SrCO3 (Figure 8.7), those planes can be nominated as the preferred orientation of the
SrCO3 growth. Next, XRD simulations on the planes were performed using CrystalDiffract
software to identify the preferred orientation plane. Figure 8.6a displays simulated XRD patterns
of the SrCO3 with (002) preferred orientation as a function of the degree of alignment. It is found
that the intensity of (113)/(023) peak increases, along with (002) peak, as shown in the XRD
pattern of the SrCO3 with preferred orientation in (002) plane (Figure 8.8a: right insets). This
suggests that the SrCO3 nanorod grew preferentially at <001> direction (i.e., along c-axis).
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Figure 8.6. Changes in the XRD patterns of SrCO3 (Pmcn; orthorhombic; and a = 5.107 Å, b =
8.414 Å, and c = 6.029 Å) as a function of the crystal size, where the XRD patterns were produced
using CrystalDiffract 6.8.2 software (CrystalMaker Software Ltd.)[44]. As the crystallite size of
SrCO3 decreases from 40 nm to 10 nm, all diffraction peaks were broadened. In particular, the
peaks for (020) and (021) planes (at 2θ = ~21° and ~26°, respectively) became almost disappeared.
The simulated XRD patterns were well matched with the experimental result in Figure 8.7.

Figure 8.7. Typical XRD pattern of SrCO3 (Alfa Aesar, USA).
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Figure 8.8. (a) Simulated XRD patterns of the SrCO3 (Pmcn; orthorhombic; and D = 14 nm) with
the preferred orientation along (002) plane (i.e., C-axis) as a function of the degree of alignment.
The degree of alignment is represented by a fraction, with 0 indicating a completely randomoriented structure, and 1 being a fully oriented structure (e.g., precisely parallelly aligned rods).
(b) SEM and (c) TEM images of SrCO3 nanorods. (d and e) Low- and high-magnification TEM
images of a single-crystalline SrCO3 nanorod. (f–h) FFT diffraction patterns of selected areas in
Figure 8.8e, indexed to the orthorhombic SrCO3 (Pmcn; JCPDS No. 05–0418) (see Figure 8.9).
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Figure 8.9. (a) TEM image of a SrCO3 nanorod. (b) High-resolution TEM image of a selected area
of the nanorod. (c) FFT diffraction pattern corresponding to Figure 8.9b, indexed to the
orthorhombic SrCO3 (Pmcn; JCPDS No. 05–0418). Figure 8.9a shows a single SrCO3 nanorod
obtained by exposing Sr(OH)2·8H2O to humid condition. Figure 8.9b shows a high-resolution (HR)
TEM image where fringes, parallel to the growth direction of the nanorod (marked by arrows),
exist, indicating planar defects. The corresponding FFT pattern is displayed in Figure 8.9c. The
diffraction spots are indexed to the orthorhombic SrCO3 (Pmcn; JCPDS No. 05–0418) where the
streaks, lying parallel to the [010] direction, reflect local disorder of the atomic stacking (i.e.,
stacking faults) as being perpendicular to the fringes in the HR-TEM image. The distance between
the streaks, normal to the growth direction, corresponds to the (001) plane, i.e., 0.60 nm,
demonstrating the growth direction of the nanorod to be <001>.

TEM analysis was performed to further validate the above results. Figures 8.8b and 8.8c
show SEM and TEM images of nanorods grown from Sr(OH)2·8H2O in humid condition. The
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low- and high-resolution (HR) TEM images of a single nanorod in Figure 8.8d and e show fringes
parallel to the growth direction of the nanorod (marked by arrows), indicative of planar defects.
The FFT patterns of selected areas in Figure 8.8e are displayed in Figures 8.8f–8.8h. The
diffraction spots are indexed to the orthorhombic SrCO3 (Pmcn; JCPDS No. 05–0418) where the
streaks, lying parallel to the [010] direction, reflect local disorder of the atomic stacking (i.e.,
stacking faults) as being perpendicular to the fringes in the HR-TEM image (see Figure 8.9). The
distance between the streaks, normal to the growth direction, corresponds to the (001) plane, i.e.,
0.60 nm, demonstrating the growth direction of the nanorod to be <001>. Note that this kind of
pattern appears in all regions of the nanorod (Figures 8.8f–8.8h). Hence, it is concluded that the
SrCO3 nuclei tend to assemble along the c-axis, leaving stacking faults behind, which is in good
agreement with the result from XRD simulation.

8.4.4. Chemical Structure Evolution of Hydrated SrO to SrCO3
The reaction pathway for the carbonation of hydrated SrO was investigated by in situ
Raman spectroscopy. Figure 8.10 shows representative Raman spectra of hydrated SrO that is
exposed to ambient air for up to 16 min. Vibration modes of the Raman spectra are displayed in
Table 2, according to literature [45–62].
The initial Raman spectrum of SrO soaked with water (Figure 8.10a: Hydrated SrO) is
dominated by a broad band at 3000–3700 cm-1 owing to the stretching of O–H in water [46],
implying hydration of SrO. Over time, the peaks ascribable to SrCO3 (149, 182, 244, 701, and
1073 cm-1) rise, indicating the carbonation of hydrated strontium (Figure 8.10a: 4–16 min). Careful
observations on the peak for SrCO3 at 1020–1100 cm-1 (Figure 8.10b) reveal that the growth of
the SrCO3 peak is accompanied by the rise of the small band at ~1055 cm-1 (assigned to CO32- ions
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in aqueous solution [59,60]) which is not present in the normal spectrum of solid SrCO3 (see Figure
8.11). The results demonstrate that (i) hydrated strontium has a high tendency to absorb CO2 and
(ii) the absorbed CO2 is present as CO32- ions which are supposed to react with strontium to form
SrCO3. These results are supported by the facts that aqueous alkaline-earth-metal hydroxide
solutions are strong bases (e.g., pH = 11.27–13.09 at 1–100 mM Sr(OH)2) and that the basic
solution has the high solubility of CO2 (supposed to convert to CO32-) thus capturing airborne CO2
so as to meet the equilibrium condition. In order to understand the SrCO3 formation by reaction of
strontium with carbon dioxide in alkaline aqueous solution, the concentration and dominant phase
of inorganic carbon dissolvable in water are investigated. Figure 8.12 (Top) shows concentrations
of CO2 (aq), HCO3- (aq), CO32- (aq), CO2 (g), and SrCO3 (aq) as a function of pH. The relative proportions
of [CO2], [HCO3-], and [CO32-] to the total dissolved inorganic carbon (CT) in water with 0–14 pH
are also drawn in Figure 8.12 (bottom). It appears that the equilibrium concentrations of CO32- and
HCO3- ions exponentially increase as the concentration of OH- (i.e., pH) increases, and vice versa
(Figure 8.12: Top). In other words, at elevated pH, the dissolved CO2 is supposed to convert to
HCO3- and CO32- (Figure 8.12: Bottom). Particularly above ~10.5 pH, the dominant carbon phase
is found to be CO32-. Since alkaline-earth-metal hydroxides have strong basicity (e.g., pH = 11.27–
13.09 at 1–100 mM Sr(OH)2), the CO2 absorbed onto hydrated Sr would convert to CO32- as per
the reactions: CO2 + OH- ↔ HCO3-, and then HCO3- + OH- ↔ H2O + CO32-. This interpretation is
in good agreement with the results of Raman spectroscopy (Figure 8.10), where the increase of
[CO32-] is indeed observed, indicative of the CO2 absorption.
While the dissolved carbon is present as CO32- in the basic aqueous solution, the chemical
structure of strontium has not been completely determined so far; for instance, the Sr2+
coordination number surrounded by H2O/OH- was variously suggested to be six, or eight, etc. [63–
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73]. Aside from such discrepancy, there is a general consensus that hydrated Sr2+ clusters have
flexible structures freely exchanging H2O and OH- between the first and second shells [74,75].
This indicates that Sr2+ hydroxide clusters with Sr2+–OH- interaction (mostly mono/di-hydroxides
[75]) are always present in high pH aqueous solutions (OH- abundant); however, Sr2+ and OH- are
not directly connected in both Sr(OH)2·8H2O and Sr(H2O)7(OH)+ solid phases (instead, only Sr2+–
H2O interaction exists unless further hydrated) [70,76].

Figure 8.10. (a) Raman spectra of hydrated SrO in ambient air, recorded over time (0, 4, 8, 12, and
16 min). (b) Superimposed Raman spectra at the range of 1020–1100 cm-1. (c) A structure of the
transition-state intermediate, SrOH+∙∙∙CO32-. Vibration modes of the Raman spectra are displayed
in Table 2.
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Table 8.2. Raman shift and related vibration modes in SrCO3.
Raman shift (cm -1)
3000-3700
3594, and 3609
3494
3300, and 3384
1073
~1055
866
841, 903, and 953
701
539, and 518
396,* and 361
244
182, and 149

Vibration mode
OH stretching of liquid water
OH stretching in SrO0.9(OH)0.3
OH stretching in Sr(OH)2·nH2O
(1 ≤ n ≤ 8)
OH stretching in Sr(OH)2·8H2O
Symmetric stretching of C–O in SrCO3
Symmetrical stretching of C–O in CO32- (aq)
O–O stretching in Sr(O2)0.98O0.02
O–O stretching in peroxide ions (O22-) of Sr(O2)1-xOx
in-plane bending of C–O in SrCO3
Sr–O stretching in SrOH
Sr–O–H bending in SrOH
external vibration between the cation and anionic groups
Angular oscillations of CO3 ions

Ref.
[45,46]
[55,56]
[56,57]
[57]
[58]
[59,60]
[61,62]
[47–49]
[50,51]
[52]
[52]
[53]
[54]

*The signal at 396 cm-1 is likely to stem from Sr–O–H signal at 361 cm-1, probably because of the
influence of surrounding CO32- ions on the chemical environment of SrOH.

Figure 8.11. Typical Raman spectrum of SrCO3 (Alfa Aesar, USA).
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Figure 8.12. Bjerrum plot showing the concentration and fraction of [CO2], [HCO3-], and [CO32-]
to the total dissolved inorganic carbon (CT) in water as a function of pH, plotted using the database
in HSC Chemistry 6.

This assumption is thermodynamically reasonable. Figure 8.13 displays Gibbs free
energies for the plausible reactions of strontium hydroxide and carbon ions in aqueous solution.
Comparing between the Gibbs free energy changes of formation of SrOH+ and Sr2+ ions (red and
orange curves in Figure 8.13, respectively), it is energetically favorable for Sr2+ to be paired with
OH-, namely SrOH+, which corresponds to the computational study [64,77]. After many attempts,
SrOH+ was indeed observed by in situ Raman spectroscopy. The signals attributable to SrOH+
(bands at 361, 396, 518, and 539 cm-1) and to O–O stretching in Sr(O2)1-x–Ox (bands at 840–860
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cm-1) were detected (Figure 8.10a: 4 min). The intensity of the bands relating to SrOH+, Sr(O2)1x–Ox,

and SrCO3 increased simultaneously during the Sr-carbonation (Figure 8.10a: 4–12 min).

After completion of the carbonation (Figure 8.10a: 16 min), the bands except those for SrCO3
disappeared. These indicate that SrHO+–OCO22- that links SrOH+ and CO32- (depicted in Figure
8.10c) is the intermediate phase in the carbonation of hydrated strontium. It is thus evident that, in
the Sr liquid droplets, the interaction of CO32- with SrOH+ in Sr(OH)x(H2O)y cluster orients SrCO3
nuclei and subsequent dehydration leaves SrCO3 nanorods.

Figure 8.13. Gibbs free energies for the plausible reactions of strontium hydroxide and carbon ions
in aqueous solution, calculated using HSC Chemistry software.

8.5. Discussion and Conclusions
We have studied water-mediated Sr-precipitate and growth of strontianite nanorod arrays on the
surface of strontium compounds in ambient condition. As a case study, we choose to investigate
Sr9Ni7O21, which is a Cr gettering material [78]. The compound is prone to Sr-segregation in air
by absorbing airborne moisture and transforming the structure as per the reaction: Sr9Ni7O21 +
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nH2O → 7SrNiO3 + 2Sr(OH)2·8H2O. The segregated Sr(OH)2·8H2O subsequently converts to
SrCO3 in ambient air, which interestingly has nanorod morphology. Time-dependent SEM analysis
demonstrated that the growth of SrCO3 occurs in one direction when derived from hydrated SrO,
such as Sr(OH)2·8H2O.
The effect of water molecules on the formation and growth of SrCO3 during carbonation of SrO
in ambient air has been elucidated. In the absence of water molecules, SrO does not react with CO2
even under high CO2 partial pressure (30%), whereas SrO readily reacts with CO2 in ambient air
(water molecule present) despite its low concentration (400 ppm). These results suggest that the
carbonation of SrO at ordinary temperatures occurs via hydration in the presence of moisture, as
illustrated in Figure 8.14. The driving force for the Sr-carbonation can be understood from the
perspective of CO2 dissolution in aqueous alkaline solution. Basically, aqueous alkaline solutions
have high solubility of carbonate ions due to high pH (i.e., high concentration of OH-). Likewise,
the moisture absorption endows strontium with more alkaline character, and thus the hydrated
strontium, such as Sr(OH)2·8H2O and Sr(OH)2·xH2O, becomes capable of absorbing CO2 in air.
In the alkaline condition of hydrated strontium, Sr2+ is likely to be coupled with OH- (i.e., SrOH+),
and the absorbed CO2 converts into CO32-. Subsequent interaction of the Sr and C ions leads to the
formation of SrCO3 nuclei (Figure 8.14). Hence, the generally known fact “SrO is likely to react
with CO2” can be better understood as “Once hydrated, SrO reacts with CO2.”
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Figure 8.14. Proposed reaction process for the formation of SrCO3 from SrO hydrated at room
temperature: possible reaction sequence (solid red line), and commonly known reaction sequence
(blue dashed line).

It is also found that the morphology of the resulting SrCO3 is affected by the kinetics of
SrCO3 formation. The Sr-carbonation via hydration is known to occur following the reaction,
Sr(OH)2·8H2O + CO2 → SrCO3 + 9H2O, implying that the reaction kinetics is dependent on CO2
and H2O partial pressures (or humidity level). The SrCO3, produced under high humidity level and
low CO2 partial pressure (i.e., slow carbonation reaction), has nanorod morphology whereas the
SrCO3, grown under low humidity level and high CO2 partial pressure (i.e., fast carbonation
reaction), has spherical morphology (see Figure 8.15). It is thus considered that, given sufficient
time for precursor ions to move and rotate, the ions can assemble anisotropically (particularly
along [001] direction), eventually resulting in c-axis oriented nanorods.
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Figure 8.15. A simplified curve showing the effect of assembling time on the anisotropic growth
of SrCO3.

The formation process of SrCO3 nanorod arrays from Sr-enriched phases by vapor-liquidsolid mechanism in ambient condition is summarized in Figure 8.16. First, the Sr-terminated
surface, being hygroscopic, attracts and absorbs water molecules in air (Figure 8.16a). This leads
to the hydration and segregation of strontium onto the surface, thus forming Sr(OH)2·H2O,
Sr(OH)2·8H2O, and Sr(OH)x·(H2O)y layers (Figure 8.16b). The alkaline nature of the hydrated Srhydroxide layer causes the uptake of CO2 in air, which subsequently converts to HCO3- and CO32(Figure 8.16.c). In the moistened medium, Sr and C ion complexes, including SrOH+ and CO32-,
freely move, rotate, and interact with each other, leading to the assembly, nucleation, and growth
of SrCO3 (Figure 8.16.d). Particularly, the growth occurs preferentially along the c-axis, leaving
staking faults behind. In this way, quasi-vertically aligned SrCO3 nanorod arrays with (002)
orientation can form at room temperature in ambient air without external addition of carbon source
(Figure 8.16.e). This study paves the way for the design and development of the 1D architecture
of SrCO3 via H2O-mediated precipitation from Sr-rich compounds. This strategy can also be
applicable to other alkaline-earth-metal compounds to fabricate 1D nanostructures.
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Figure 8.16. Schematic diagram for the process of the growth of SrCO3 nanorod arrays from
hydrated strontium that is segregated from Sr-containing substrates.
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CHAPTER 9: DEVELOPMENT OF THERMALLY AND HYDROLYTICALLY STABLE
GETTER: STRONTIUM MANGANESE OXIDE GETTER

9.1. Abstract
Traces (ppm to ppb) of airborne contaminants such as CrO2(OH)2 and SO2 irreversibly
degrade the electrochemical activity of air electrodes in high-temperature electrochemical devices
such as solid oxide fuel cells by retarding oxygen reduction reactions. The use of getter has been
proposed as a cost-effective strategy to mitigate electrode poisoning. However, owing to the harsh
operating conditions (i.e., exposure to heat and moisture), the long-term durability of getter
materials remains a considerable challenge. In this study, we report our findings on strontium
manganese oxide (SMO) as a robust getter material for co-capture of airborne Cr and S
contaminants. The SMO getter with a 3D honeycomb architecture, fabricated via slurry dip coating,
successfully maintains the electrochemical activity of solid oxide cells under the flow of gaseous
Cr and S species, validating the getter’s capability of capturing traces of Cr and S contaminants.
Investigations found that both Sr and Mn cations contribute to the absorption reaction and that the
reaction processes are accompanied by morphological elongation in the form of SrSO4 nanorods
and SrCrO4 whiskers, which favors continued absorption and reaction of incoming S and Cr
contaminants. The SMO getter also displays robust stability at high temperatures and in humid
environments without phase transformation and hydrolysis. These results demonstrate the
feasibility of the use of SMO getter under operating conditions representative of high-temperature
electrochemical systems.
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9.2. Introduction
High-temperature electrochemical devices, including solid oxide fuel cells (SOFC), solid
oxide electrolysis cells (SOEC) and oxygen separation membranes (OSM) offer highly efficient
and clean pathways for energy conversion, storage, and gas separation [1–4]. These devices,
however, remain susceptible to the electrocatalytic poisoning of the air electrode from the airborne
trace contaminants, such as endogenous Cr, Si, and B vapors and exogenous SO2 and CO2 gases.
The irreversible aspect of the electrode poisoning brings about long-term degradation of the
electrode performance [5–9].
Although the concentration of SO2 is very low in air (75 ppb for hourly primary
standard)[10], the long-term exposure of the electrode to air flow leads to contaminant
accumulation, which degrades the cathodic activity for oxygen reduction [11,12]. The degradation
caused by SO2 is slow but continuous and severe in long term. Particularly, lanthanum strontium
cobalt ferrite (LSCF) is considered vulnerable to sulfur poisoning as the surface-segregated SrO is
prone to react with SO2 forming SrSO4, which is unlikely to dissociate once formed [8,11,13,14].
Similarly, Cr vapor species (CrO2(OH)2 and CrO3) have also been regarded as the most common
and detrimental contaminants to air electrodes since they are continuously released from the
chromia scales grown on metallic components within cell stacks (i.e., metallic interconnect,
plenum, and manifolds) during the operating of high-temperature electrochemical systems [15,16].
Balance-of-Plant (BoP) components also generate gaseous chromium species, contributing to the
electrode poisoning [17].
Prior efforts to mitigate the degradation arising from Cr poisoning primarily focused on
developing Cr-tolerant cathode materials (e.g., La(Ni,Fe)O3 and Nd2NiO4) [18,19], cathode
surface modification [20–22], oxidation-resistant alloys (e.g., ZMGTM232 series from Hitachi
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Metals) [23], and surface coating of metallic components (e.g., MnxCo3-xO4 spinel) [24]. However,
owing to the thermal expansion discrepancy and chemical incompatibility between adjacent
materials, such methods still have issues under high-temperature operating condition. For instance,
interdiffusion, crack propagation, and spallation impede the long-term efficacy of these materials
[25,26]. Since a trace amount of Cr accumulation can lead to drastic performance degradation,
further development and improvement are required.
The use of getters, which capture gaseous impurities, is a cost-effective way to mitigate the
electrode poisoning without the need to replace the established component materials. The getter
materials for high-temperature electrochemical systems require exceptional stability and reliability,
as well as the gettering capability. Singh and co-workers have suggested strontium nickel oxide
(SNO) as a Cr capturing material, which can conserve cathodes from Cr poisoning [27,28].
Although its performance for absorbing Cr vapors has been demonstrated, further studies revealed
the structural instability accompanied by phase separation at high temperatures (≥950 °C) and in
humid environments [29,30]. Such limitation brings difficulty in fabricating substrate-supported
SNO getters and restricts the application of the getter.
Herein, an advanced getter composed of strontium manganese oxide (SMO) is presented
and discussed. The prototypical design for the SMO getter to capture the Cr and S contaminants
in the airstream is illustrated in Figure 9.1. In selecting the Sr and Mn mixed oxide, not only the
absorption ability and affinity to Cr and S species but also the stability of the mixed oxides and the
reaction products between SMO and Cr and S contaminants were taken into consideration (see
Figures 9.2–9.4 and Table 1 in the following section. The honeycomb getter covered with SMO
nanoparticles was fabricated by dip-coating. The capability of capturing both Cr and S gaseous
species is demonstrated by employing electrochemical impedance spectroscopy (EIS). Post-test
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characterization of the getter elucidates the absorption process and morphological transformation.
The SMO phase presents excellent durability at high temperatures and in humid environments.
Therefore, the SMO-based getter has broad application prospects in high-temperature catalysts and
technologies.

Figure 9.1. Schematic illustration of the SMO honeycomb getter to purify the Cr and S
contaminated airstream.

9.3. Materials Selection
Alkaline earth metals have been considered as the materials of choice for the capture of
gaseous Cr and S species because of their affinity to form Cr and S containing compounds. For
instance, SrO and BaO, segregated onto the surface from SOFC cathodes under the operating
conditions, readily react with airborne Cr and S species [31–33]. It is recognized that Sr has high
reactivity with SO2 (high to low: Sr > Ca > Ba > Mg) [34], and CaO is also capable of scavenging
Cr vapors as well as SO2 evolved during coal combustion [35–37]. Beryllium and Radium were
excluded from the list because of their high toxicity and radioactivity.
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The compounds likely to form during the reaction between alkaline earth metals (Mg, Ca,
Sr, and Ba) and Cr/S species are listed in Table 1. To estimate the reactivity of the alkaline earth
metals with Cr and S contaminants, the equilibrium partial pressures of CrO2(OH)2 (g) and SO2 (g)
evolved from the resulting Cr and S compounds were calculated using HSC Chemistry 6.0
(Outotec, Finland) as shown in Figure 9.2. It is observed that MgO and CaO remain
thermodynamically unsuitable as Cr-gettering material because of the thermal instability of the
reaction products (decomposable at 500−900 °C) (Figure 9.2a: red and orange curves). The Mg
and S compound, MgSO4, is also decomposable at relatively low temperatures (640−900 °C)
(Figure 9.2b: red curve). Considering these aspects, Sr and Ba were selected as candidates for
capturing Cr and S species. We have selected Sr in this case, given that Ba has a high affinity for
CO2 tending to cause precipitation of BaCO3 at high temperatures [38,39]. However, the single
oxide, SrO, cannot stand alone as the getter material because its hygroscopic nature reduces the
structural stability.
Instead, mixed oxides have been considered as the getter material with better stability. In
selecting the element to be mixed with Sr, the capability of Cr and S absorption was taken into
account, as well as the stability of host materials and reaction products. Since the target element,
Cr, can exist in various chemical states of +2, +3, +4, +5 and +6, the counter element may also
need to have various chemical states as being favorable to harmonizing with Cr species. Mn and
Fe among transition metals were chosen as they are non-noble metals (cost-effective) with multiple
chemical states. The stability of Sr–Mn–O and Sr–Fe–O systems against heat and moisture was
assessed based on the phase diagrams and the analysis on their structure changes during exposure
to humid environments. According to the phase diagrams, Sr–Fe–O phases are supposed to change
at ≥ 775 °C, whereas Sr–Mn–O phases are stable up to 1215 °C [40,41]. Initial laboratory tests
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also showed that while SrFeO3 is readily pulverized by reacting with moisture (SrFeO3 + H2O →
SrFe12O19 + Sr3Fe2(OH)12 + Sr(OH)2•8H2O), SrMnO3 remains stable during such exposure
(Figures 9.3 and 9.4). Strontium manganese oxide was therefore selected for further study.

Table 9.1. Melting and eutectic points of possible compounds in M–Cr–O and M–S–O systems
(where, M = Mg, Ca, Sr, and Ba).
Elements
Mga
Ca
Sr
Bab

M–Cr–O compounds (Tm)
MgCr2O4 (2350 °C)
xCaO•yCrO3•zCr2O3 + CaCrO4 (1022 °C)
SrCrO4 (1253 °C)
BaCrO4 (major) + Ba3Cr2O6 + BaCr2O4
(1250 °C)

M–S–O compounds (Tm)
MgSO4 (1124 °C)
CaSO4 (1460 °C)
SrSO4 (1606 °C)
BaSO4 (1580 °C)

a. Mg is explosive upon heating in air [42].
b. Ba is likely to exist as BaCO3 because of its high affinity to CO2 [38,39].
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Figure 9.2. Partial pressures of (a) CrO2(OH)2 (g) and (b) SO2

(g)

from the composites of alkaline

earth metals (Mg, Ca, Sr, and Ba) and chromium/sulfur: MgCr2O4, CaCrO4, SrCrO4, BaCrO4,
MgSO4, CaSO4, SrSO4, and BaSO4.

Figure 9.3. XRD patterns of (a) as-synthesized strontium ferrite (SFO) powder, (b) the SFO
powder placed in a humid environment (2.7% H2O) for 1 week and (c) 3 weeks, and (d)
subsequently dried. (e) Photographs of SFO pellet before and after exposure to the humid
environment. The as-synthesized SFO is mostly composed of SrFeO3 and SrFe12O19 phases. After
3 weeks in the humid environment, Sr3Fe2(OH)12, as well as Sr(OH)2•8H2O and SrCO3, formed,
thus indicating the hygroscopic nature of SFO.
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Figure 9.4. XRD patterns of (a) as-synthesized strontium manganese oxide (SMO) powder, (b) the
SMO powder placed in a humid environment (2.7% H2O) for 5 days, and (c) subsequently dried.
The as-synthesized SMO is mainly composed of SrMnO3 and Sr7Mn4O15. XRD patterns before
and after exposure to the humid environment are almost identical to each other, except for the tiny
peak for SrCO3. This indicates that SrMnO3 is moisture-resistant.

9.4. Experimental
9.4.1. Materials
The following materials were used as-received — strontium hydroxide octahydrate
(Sr(OH)2•8H2O; Sigma-Aldrich, USA), manganese(IV) oxide (MnO2; Alfa Aesar, USA),
strontium nitrate (Sr(NO3)2; Sigma-Aldrich), manganese carbonate (MnCO3; Alfa Aesar, USA),
polyvinylpyrrolidone (PVP, average mol weight of 360,000; Sigma-aldrich, USA), cordierite
honeycomb substrate (400 cpsi; Corning Inc., USA), lanthanum strontium manganite ink
((La0.80Sr0.20)0.95MnO3-x; Fuelcellmaterials, USA), Ink vehicle (terpineol-based; Fuelcellmaterials,
USA), yttria-stabilized zirconia button electrolyte (YSZ; φ = 25 mm; Fuelcellmaterials, USA),
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platinum (Pt) gauze (52 mesh woven from wire with 0.1 mm in diameter; Alfa Aesar, USA), Pt
paste (ESL ElectroScience, USA), alumina paste (Zircar Ceramics Inc., USA), and chromium(III)
oxide (Cr2O3; Alfa Aesar, USA).

9.4.2. Fabrication of SMO Honeycomb Getter
The SMO honeycomb getter was fabricated by dip-coating with an aqueous slurry (Figure
9.5). First, Strontium manganese oxide (SrMnO3) powder was synthesized by conventional solidstate reaction of Sr(OH)2•8H2O and MnO2 at 1300–1350 ˚C in ambient air followed by grinding
using a planetary ball mill with alumina milling media (Across International LLC, USA). Second,
an aqueous SMO slurry was prepared by blending as-synthesized SrMnO3 powder (3.3 M) in an
aqueous solution of 2.7 M Sr(NO3)2 and 3.3 M MnCO3 with 33.3 g L-1 polyvinylpyrrolidone to
improve the adhesion between the coating layer and the substrate. Third, a cordierite honeycomb
substrate with horizontal channels of 400 cells per square inch (cpsi), cut into a cylindrical shape
of 20 mm in diameter and 40 mm in height, was submerged in the slurry followed by vacuum
impregnation. The slurry clogging cell channels was blown out by pressurized air. Forth, the
honeycomb substrate coated with the SMO slurry was dried at 60 °C for one day and then heattreated at 1000 °C for 3 h in ambient air. The morphology and thickness of SMO layers on the
getter were observed using scanning electron spectroscopy (SEM; Quanta 250 FEG, FEI, USA).
The chemical structure was analyzed using the X-ray diffractometer (XRD; D8 Advance, Bruker,
Germany) with Cu kα radiation (λ = 0.1542 nm).
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Figure 9.5. (a) Fabrication process of the SMO getter by dip-coating of a cordierite honeycomb
substrate (400 cpsi) in an aqueous precursor slurry, followed by heat-treatment, (b) XRD patterns
of a bare cordierite substrate and the SMO getter (indexed on the basis of JCPDS data in Figure
9.6), and (c) SEM images of the cross-section and surface of the SMO coating layer on the
substrate.

Figure 9.6. Reference XRD patterns for strontium manganese oxides in JCPDS.
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9.4.3. In Operando Electrochemical Tests with SMO getter
The capture of gaseous S and Cr species over the SMO getter resulting in electrochemical
performance stability of the cathode was investigated using electrochemical impedance
spectroscopy (EIS) technique. For the preparation of LSM│YSZ│Pt cells, the lanthanum
strontium manganite ink blended with the ink vehicle was painted (φ = 10 mm) onto the YSZ
button electrolyte using a screen printer (Model 810, Systematic Automation Inc., USA), followed
by sintering at 1200 ˚C for 2 h in ambient air [45]. Pt paste was painted on the opposite side as an
anode. Pt gauzes and wires were subsequently attached to both sides of the LSM│YSZ│Pt cell as
current collectors, followed by heat-treatment at 850 ˚C for 1 h in ambient air. The as-prepared
LSM│YSZ│Pt cell was sealed onto an alumina tube using an alumina paste. The electrolyte and
both electrodes were electrically connected to a potentiostat (VMP3, Bio-Logic, France). The EIS
tests of the cell were conducted at 650–700 ˚C under the three different conditions as follows (refer
to Table 9.2): (a) the flow of SO2 gas without the getter, (b) the flow of Cr vapor without the getter,
and (c) the flow of both Cr vapors and SO2 gas with the getter. The spectra were recorded under a
bias of 0.5 V in the frequency range from 0.5 Hz to 200 kHz using a sinus amplitude of 10 mV at
an interval of 1 h. During the measurement for the Test (a), 4 ppm SO2 gas, mixed with humidified
air (~3% H2O by water-bubbling), was injected to the LSM cathode (120 SCCM) for 100 h (110–
210 h) after the electrode activation for initial 110 h under the flow of humidified air, in which the
concentration of SO2 gas (air balance) was precisely controlled using a gas-mixing system (Series
4000, Environics, USA). During the measurement for the Test (b), Cr vapor (i.e., ~1 ppb
CrO2(OH)2 (g)) flowed (120 SCCM) to the LSM cathode for 100 h, in which pieces of Cr2O3 pellet
wrapped with silver gauze were placed in the tube, and the humid air flowed through the Cr2O3
pieces to generate the Cr vapor [46]. For the Test (c), the SMO honeycomb getter was inserted in
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the alumina tube one-inch far from the cathode, as illustrated in Figure 9.7. For the initial 110 h,
the Cr vapor flowed to the LSM cathode, and then, both Cr vapor (~1 ppb) and SO2 gas (4 ppm)
flowed for another 120 h (110–230 h). After the EIS tests, the cross-section of the LSM electrodes
was observed using SEM equipped with energy dispersive spectroscopy (EDS).

Table 9.2. Conditions for the electrochemical tests: (a) sulfur poisoning, (b) chromium poisoning,
and (c) SMO getter
a. SO2 gas
Temperature 700 °C
Cell
LSM | YSZ | Pt
composition
Getter
×

b. Cr vapor
650 °C

c. Getter
700 °C

LSM | YSZ | Pt

LSM | YSZ | Pt

○
(i) Air + 3%H2O + Cr vapor*
Cathode
(i) Air + 3%H2O (0–110 h)
Air + 3%H2O
(0–110 h)
Atmosphere (ii) Air + 3%H2O
+ Cr vapor* (ii) Air + 3%H2O + Cr vapor*
(120 SCCM) + 4 ppm SO2 (110–230 h)
+ 4 ppm SO2 (110–230 h)
Anode
Atmosphere Dry air
Dry air
Dry air
(50 SCCM)
Applied bias 0.5 V
0.5 V
0.5 V
Duration
230 h
100 h
230 h
×

*The Cr vapor is mainly composed of ~1 ppb CrO2(OH)2 (g), calculated using HSC Chemistry 6.0
(Outotec, Finland), and the partial pressure of the Cr vapor over temperatures at 500–900 °C was
plotted in Figure 9.2a.
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Figure 9.7. Schematic of the test setup utilized for EIS measurement on the LSM|YSZ|Pt cell in
the presence of Cr vapor and SO2 gas through the SMO honeycomb getter.

9.4.4. Evaluation of the Hydrolytic and Thermal Stability
To examine the moisture resistance, a SMO pellet (φ = 13 mm) was placed in a humid
environment (2.7% H2O, measured by a ThermoPro hygrometer), and the shape and color were
visually observed for 12 days, similar to what has been reported in the literature [30]. The SrMnO3
powers, exposed to the humid environment for 14 days and soaked in distilled (DI) water for a day,
were analyzed using XRD. The thermal stability of SrMnO3 was also evaluated employing in situ
high temperature (HT) XRD (D8 Advance, Bruker, Germany) equipped with an Anton Paar HTK1200 chamber (Anton-Paar GmbH, Graz, Austria). During the analysis, the SMO powder, placed
on an alumina holder of the HT-XRD, was heated up to 900 °C at a ramp rate of 5 °C min-1. The
XRD patterns were recorded at ~25, 500, 700, 900 °C, and room temperature (after cooling down).
In addition, the XPS depth profiling was carried out using a Quantum 2000 scanning ESCA
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microprobe (Physical Electronics, USA) on the SMO pellet obtained by heat-treatment at 700 °C
for 100 h and immediate cool-down at 10 °C min-1. A 4 keV Ar ion beam was used for sputtering
(raster area of 3 mm  3 mm, and 60 sec sputter time per cycle). The Mn 2p spectrum was fitted
with Gaussian-Lorentzian function and Shirley background subtraction (see Figure 9.8). The pellet
surface was also analyzed by Raman spectroscopy (Ramanscope 2000, Renishaw, Gloucestershire,
UK) with a laser of 514.5 nm wavelength.

Figure 9.8. XPS spectrum (Mn 2p) of the SrMnO3 pellet after etching for 210 min. The spectrum
was fitted with two peaks at 638.6 eV and 639.9 eV which belong to Mn ions in 3+ and 4+ valence
states, respectively.

9.4.5. Post-test Characterization of SMO Getter
The SMO getter, exposed to SO2 gas and Cr vapor for 230 h during the EIS test, was
dissected for characterization. The Cr and S concentrations and the morphology along the central
channel were analyzed using SEM equipped with EDS. The chemical structure of the inlet side of
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the getter was analyzed by Raman spectroscopy. The inlet section of the getter was sliced using a
focused ion beam (FIB; Helios Nanolab 460F1, FEI, USA), and the specimen was analyzed using
scanning transmission electron microscopy (STEM; Talos F200X S/TEM; FEI, USA) at 200 kV.
The thermodynamic calculations for reaction products of SMO with SO2 and CrO2(OH)2 gases
were carried out from the database in HSC Chemistry 6.0 (Outotec, Finland).

9.5. Results and Discussion
9.5.1. Fabrication of SMO Getter
The strontium manganese oxide getter was fabricated by dip-coating of cordierite
honeycomb substrates with horizontal channels of 400 cells per square inch (cpsi) in an aqueous
precursor slurry comprised of SrMnO3, MnCO3, Sr(NO3)2 and polyvinylpyrrolidone, followed by
heat-treatment at 1000 °C, as shown in Figure 9.5a. X-ray diffraction (XRD) identified that the asfabricated SMO getter is mainly composed of SrMnO3 (Figure 9.5b). Scanning electron
microscopy (SEM) shows the honeycomb getter where granular SMO particles (tens-to-hundreds
of nm in size) is uniformly coated on the substrate with a thickness of ~5 μm (Figure 9.5c). The
honeycomb architecture is intended to permit steady, incompressible, and laminar flow of the
airstream for SOFC systems, and the structural design can be modified depending on the system
size and operating conditions, as shown by earlier simulation work [47].

9.5.2. Cr and S Capture by SMO Getter
The absorption capability of SMO getter for airborne Cr and S contaminants was evaluated
using electrochemical impedance spectroscopy (EIS) of solid oxide cells (LSM|YSZ|Pt). The
changes in the ohmic and non-ohmic polarization of the electrode were examined over time. The
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test setup is shown in Figure 9.9d, and the test conditions are tabulated in Table 9.2. The
electrochemical cell served as a Cr/S sensor since the change in the electrode impedance is
sensitive to contamination of the air electrode [48,49]. The electrochemical performance was
monitored over time (~230 h) under the flow of humidified air containing 4 ppm SO2 and ~1 ppb
CrO2(OH)2 (evolved from Cr2O3) toward the LSM cathode through the SMO getter. This
performance was compared with those recorded under the flow of either the SO2 or CrO2(OH)2
gases in the absence of the getter.

Figure 9.9. Current density of the LSM|YSZ|Pt cells over time under the flow of either (a) 4 ppm
SO2 gas (injected after 110 h) or (b) Cr vapor (~1 ppb CrO2(OH)2) toward the LSM cathode in the
absence of SMO getter, and (c) that recorded under the flow of both Cr vapor and 4 ppm SO2 gas
(injected after 110 h) toward the LSM cathode through the SMO getter. (d) Configuration for the
EIS measurement with the insertion of the SMO getter (Figure 9.7). The corresponding test
conditions are tabulated in Table 9.2.
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Figure 9.10. Impedance spectra (Nyquist and Bode plots) of the LSM|YSZ|Pt cell under the
conditions 1–3 (Table 9.2), which are of the plots in Figure 9.9, and cross-sectional SEM images
at the LSM/YSZ interface exposed to (a) SO2 gas, (b) Cr vapor, and (c) both Cr vapor and SO2 gas
in the presence of the SMO getter, respectively.

Figure 9.9 shows changes in the current density of the cell under three different exposure
conditions (Table 9.2). The current density remained stable under the flow of humidified air (~3%
H2O by water-bubbling) (Curve (a) in Figure 9.9: 0–110 h). Immediately after the injection of 4
ppm SO2 gas, the current density gradually decreased (Curve (a) in Figure 9.9: 110–150 h).
Similarly, under the generation of Cr vapor, the current density rapidly dropped (Curve (b) in
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Figure 9.9). The degradation in the current density for both cases is due to the increase in
polarization resistance [50,51], corresponding to the increasingly enlarged Nyquist arcs over time
(Figures 9.10a and 9.10b). The degradation mechanism is inferred from the Bode plots in Figures
9.10a and 9.10b, given that the impedance at low (≤ 30 Hz) and high (≤ 3 kHz) frequencies are
responses to the transfer of O2- ions along the surface and across the bulk, respectively [18,52–54].
The electrode performance degradation by Cr-poisoning is due to preferential Cr deposition at the
triple phase boundary (TPB) between air, electrode, and electrolyte via the following
electrochemical reduction [55–57].
2CrO2(OH)2 (g) + 6e- → Cr2O3 + 2H2O + 3O2In contrast, the degradation by S-poisoning is due to the chemisorption of SO2 on the LSM surface,
resulting in SrSO4 precipitation and non-stoichiometric, Sr-depleted LSM [14,31,58].
In the presence of SMO getter, the current density remained stable for 230 h (Curve (c) in
Figure 9.9) despite the injection of the same levels of Cr vapor and SO2 gas (i.e., ~1 ppb CrO2(OH)2
for the initial 100 h, and then both ~1 ppb CrO2(OH)2 and 4 ppm SO2 for another 120 h).
Corresponding impedance spectra (Nyquist and Bode plots) in Figure 9.10c remained largely
unchanged during the experiment, indicating that the electrode had been free of contaminants,
which supports the efficacy of the SMO getter for capturing Cr and S contaminants. The crosssectional analysis of the LSM/YSZ interface of the three cells also shows good agreement with the
above results. To be specific, the cross-section of the LSM tested in the presence of the SMO getter
under the flow of Cr and S gases shows a clean surface morphology (Figure 9.10c) whereas the
sulfur-contaminated LSM shows a modified surface with nano protrusions of SrSO4 precipitates
(Figure 9.10a) (for more SEM images, see Figure 9.11) [31,49].
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Figure 9.11. Cross-sectional SEM images of the LSM cathode exposed to 4 ppm SO2 gas for 120
h at 700 °C: (a) the LSM/YSZ interface (also displayed in Figure 9.10a) with a EDS spectrum, and
(b) the inside of LSM; and (c) Cross-sectional SEM image of the inside of LSM under the flow of
Cr vapor and SO2 gas through SMO getter for 230 h at 700 °C. Figure 9.11a shows the sulfurcontaining protrusions, regarded as SrSO4, grown on the LSM surface. The protrusions were
observed in the whole area of the LSM (Figure 9.11b). On the other hand, in the presence of SMO
getter, the LSM maintained the clean surface (Figure 9.11c), implying that Cr vapor and SO2 gas
were absorbed onto the SMO getter before reaching the cell.
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Figure 9.12. Distribution of S and Cr along the inner channel from the inlet to the outlet of the
SMO getter that was exposed to 4 ppm SO2 (120 h) and ~1 ppb Cr vapor (230 h) at 700 °C during
the EIS test, analyzed using EDS.
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Figure 9.13. (a) SEM images of the inner channel surface of the SMO getter that was exposed to
4 ppm SO2 (120 h) and ~1 ppb Cr vapor (230 h) at 700 °C during the EIS test: at a distance of 0,
1, 2, 3, 4, 5 and 40 mm from the inlet side. (b) EDS spectra of the nanorods. (c) Raman spectrum
of the nanorod.

The SMO getter sample, exposed to Cr vapor and SO2 gas during the electrochemical test,
was structurally and chemically analyzed using SEM and Raman spectroscopy. Figure 9.12 shows
the concentration of Cr and S along the air flow path in the inner channel of the getter. Elemental
analysis of the getter shows the highest concentration of S and Cr to be at the getter inlet. The
concentration then decreases along the air flow path in the getter channel towards the outlet,
indicating SMO’s ability to capture both S and Cr gaseous species in air. In addition, the
morphological observation (Figure 9.13a) shows the transformation of the microstructure along
the channel length from oblong (0–2 mm) and angular (2–4 mm) to spherical (at a distance of > 4
mm) shapes, corresponding to the Cr and S concentrated areas as seen in Figure 9.12. This
indicates that the granular SMO particles become elongated by absorbing SO2 gas. The smooth
surface, as well as the angular particles, also incorporates sulfur, as can be seen in the EDS spectra
(Figure 9.13a: inlet). The elongated particles, or nanorods, were identified as SrSO4 by electron
diffraction spectroscopy (EDS) and Raman spectroscopy [59] (Figures 9.13b and c).
The absence of Cr compounds at the surface is considered to be caused by the predominant
formation of SrSO4 over SrCrO4 under the relatively high concentration of SO2 (4 ppm). During
the test conducted in the presence of only Cr vapor, a similar morphological transformation and
the growth of SrCrO4 nanowhiskers were observed (see Figures 9.14–9.17). Figure 9.14b shows
the configuration for the Cr-screening test. An alumina crucible filled with Cr2O3 particles was
loaded in the center of a quartz tube. The SMO getter was inserted ahead of the crucible in the
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tube. The furnace temperature was kept constant at 700 °C for 500 h while a humid air (3% H2O)
flowed into the tube at a rate of 200 SCCM, resulting in Cr vaporization and absorption onto the
getter.
After the exposure, Cr and S concentrations along the central channel of the SMO getter
were analyzed using SEM–EDS (Figure 9.14a). The concentration of Cr and S is the highest at the
inlet and then decreases along the channel length, which is parallel to the trend observed in the
getter exposed to Cr vapor and SO2 gas during the EIS test, as shown in Figure 9.12. Figure 9.15a
shows the surface morphology along the channel length. It appears that the morphology
transformed from spherical to angular to whisker-like shapes as the Cr concentration increases.
Numerous nanowhiskers were observed in the inlet (Figure 9.16), which were identified as SrCrO4
by EDS and Raman spectroscopy (Figures 9.15b and 9.15c, respectively). The angular protrusions
also incorporated Cr, as shown in Figure 9.17. Furthermore, the high S concentration in the inlet
(0−400 μm) is regarded from a trace of SO2 (~75 ppb) present in air, implying the high affinity of
SMO for sulfur. These results demonstrate that the morphology transformation is attributed to not
only S-absorption but also Cr-absorption.
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Figure 9.14. (a) Distribution of Cr and S along the central channel from the inlet to the outlet of
the SMO getter that was exposed to Cr vapor (~1 ppb CrO2(OH)2 (g) in air) at 700 °C for 500 h,
analyzed by EDS. (b) Photograph and schematic diagram of the displacement for Cr transpiration
and capture.
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Figure 9.15. (a) SEM images of the central channel surface of the SMO getter that was exposed to
~1 ppb CrO2(OH)2 (g) at 700 °C for 500 h: at a distance of 0, 40, 100, 400, 850, 1150, 1400, 1670,
3000, 9500, and 12500 μm from the inlet side. (b) EDS spectra of nanowhiskers grown in the inlet
side. (c) Raman spectra of the nanowhiskers.
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Figure 9.16. SEM images of the central channel surface of the SMO getter that was exposed to ~1
ppb CrO2(OH)2

(g)

at 700 °C for 500 h: low (left), intermediate (medium), and high (right)

magnification.

Figure 9.17. EDS spectra on the central channel surface at a distance of 100 μm from the inlet of
the SMO getter exposed to ~1 ppb CrO2(OH)2 (g) at 700 °C for 500 h.
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9.5.3. Thermal and Hydrolytic Stability
Although SMO getter possesses excellent capture ability for the Cr and S gaseous species,
as indicated above, the material must also keep structural stability under high-temperature and
humid conditions to ensure long-term use in high-temperature electrochemical systems. This
aspect cannot be neglected, particularly for Sr-containing perovskites because the large size of Sr2+
ions (1.44 Å in coordination number of 12) and its high affinity with H2O tend to promote Sr
segregation and precipitation [30,60–62]. For instance, Sr–Ni–O and Sr–Fe–O systems are prone
to react with moisture forming hydroxide compounds accompanied by volume expansion,
eventually resulting in deformation and pulverization (see Ref. [30] and Figure 9.3).
The structure of SrMnO3 phase under high temperatures was investigated using in situ
high-temperature (HT) XRD to observe any evidence of Sr segregation, such as the formation of
SrO and SrCO3, as well as phase separation, which often happens above 500 °C in Sr-containing
perovskites [60,61]. Figure 9.18 shows the in situ HT–XRD patterns recorded at ~25, 500, 700,
and 900 °C. The major five peaks at 2θ = 27, 33, 35, 43, and 49° in the initial XRD pattern (RT)
were in good agreement with those of 4H perovskite SrMnO3 [63]. At elevated temperatures (500,
700, and 900 °C), no new peaks relating to SrCO3 and SrO phases (typically at around 2θ = 25, 30,
and 35°) arose, despite collective peak shift caused by thermal expansion (8.6 • 10-6 K-1 by
calculation), verifying the high thermal stability of SrMnO3 without Sr-segregation. This result
corresponds to the phase diagram of SrMnO3, where the 4H–SrMnO3 phase is regarded to be stable
up to 1447 °C [40,63], and to the literature [64], which shows the stability of Sr-rich SrxLa1-xMnO3
(x = 0.4–0.8) up to 1000 °C. Further analysis was conducted using X-ray photoelectron
spectroscopy (XPS) on the surface of the SrMnO3 pellet that was heat-treated at 700 °C for 100 h
in ambient air. Figures 9.19a–9.19e shows the XPS depth profile and montage of survey spectra
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for Mn, Sr, O, and C. The concentration of Sr depth profile is parallel to that of Mn (Figure 9.19a),
thus implying the absence of internal stresses around Sr-ions which are considered a driving force
for segregation of Sr from the bulk to the surface in many Sr-containing perovskites [13,30,60,61].
The stability of SrMnO3 in humid atmosphere was also evaluated by comparing the
structure of SrMnO3 before and after its exposure to moisture. Figure 9.20a shows a typical XRD
pattern of SrMnO3 (P63/mmc). In contact with moisture and water, Sr-ions in SrMnO3 might
precipitate as hydrates such as Sr(OH)2•8H2O and Sr(OH)2•H2O accompanied by volume
expansion (molar volumes: 142.27 and 35.15 cm3 mol-1 for Sr(OH)2•8H2O and SrMnO3,
respectively) if hygroscopic or hydrolytic, as observed in Sr–Ni–O[30] and Sr–Fe–O systems
(Figure 9.3). Figures 9.20b and 9.20c show XRD patterns of the SrMnO3 exposed to moisture and
soaked in water, respectively. It appears that the XRD pattern of SrMnO3 remained unchanged
without the appearance of peaks corresponding to Sr(OH)2, Sr(OH)2•H2O, Sr(OH)2•8H2O and
SrCO3. The pellet sample also remained dimensionally stable with no deformation (Figure 9.20d).
These results demonstrate the resistance of SrMnO3 to water attack.
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Figure 9.18. High-temperature XRD patterns of SrMnO3 powder: room temperature (RT), 500 °C,
700 °C, 900 °C, and RT after cooling down.

- 289 -

Figure 9.19 (a) XPS depth profile of a SrMnO3 pellet that was heat-treated at 700 °C for 100 h in
ambient air, (b–e) Montage of depth profile survey spectra for Mn, Sr, O, and C, and (f) Raman
spectrum of the SrMnO3 surface.

Figure 9.20. XRD patterns of (a) as-synthesized SrMnO3 powder, (b) the power placed in a humid
environment (2.7% H2O) for 2 weeks, and (c) the powder soaked in water for a day; and (d)
Photographs of SrMnO3 pellets before and after exposure to the humid environment for 12 days.

9.5.4. Cr and S Capture Mechanism
To understand the Cr and S absorption process and reaction mechanism, the SMO getter
exposed to Cr vapor and SO2 gas during the EIS test was analyzed. Results from scanning
transmission electron microscopy (STEM) have elucidated the chemical and morphological
changes associated with the surface reaction. Figure 9.21 displays TEM and elemental mapping
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images of the cross-section of the inlet side of the getter prepared by focused ion beam (FIB) (refer
to the sampling procedure in Figure 9.22). The SMO layer appears to be composed of two phases
(white, and white-gray spotted) by the contrast of the HAADF TEM images in Figure 9.21a. The
elemental mapping images (Sr, Mn, S, and Cr) of the surface nanorod (white) in Figure 9.21b show
the Sr and S enrichment of the nanorod, corresponding to that of SrSO4 as identified by the Raman
spectrum (Figure 9.13c). Figure 9.21c shows the elemental images of the cross-section of a small
particle protruding from the top surface of the getter. It reveals that the particle has a core-shell
structure composed of a shell of Sr and S and a porous core of Mn and Cr. FFT patterns of high
resolution (HR) TEM images of the surface area (Figure 9.21c: bottom) identify SrSO 4 (Pnma)
and SrMnO3 (P63/mmc) phases on the surface, thus confirming the sulfur-capturing capability of
the SMO getter. Further analysis focused on the porous area. Figure 9.21d shows STEM images
(HAADF and elemental maps) of the interface area between the shell and the porous core and
electron diffraction patterns (SAED and FFT) of the porous area. The elemental maps reveal that
the absorbed Cr resides in the Mn-enriched porous core, whereas Sr and S are homogeneously
distributed in the surrounding shell (Figures 9.21c and d: mapping images). These results indicate
that the process for the absorption of S and Cr species is accompanied by the outward growth of
SrSO4 and SrCrO4 (with Sr diffusion toward the external surface), leaving the Mn-rich phase and
voids at the core. Subsequently, the absorbed Cr in the shell migrates into the Mn-enriched core,
resulting in the core-shell architecture, as shown in Figure 9.21c.
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Figure 9.21. (a) High-angle annular dark-field (HAADF) STEM images of the cross-section of the
sample taken from the inlet area of the SMO getter that was exposed to SO 2 gas and Cr vapor for
230 h at 700 °C during the EIS test (Figure 9.9c). The sample was prepared using FIB (see Figure
9.22). (b) Elemental mapping images (Sr, Mn, S, and Cr) of the nanorod grown on the surface by
STEM-EDS. (c) Elemental mapping images of a particle protruding from the top surface of the
getter and Fast-Fourier-Transform (FTT) patterns of high resolution (HR) TEM images of the
particle. (d) Elemental mapping images and electron diffraction patterns (SAED and FFT) of the
interface between the core (black-and-gray dotted area, bottom right in the HAADF image) and
the shell (white-colored area, top left in the HAADF image) beneath the surface.
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Figure 9.22. Specimen preparation by focused ion beam (FIB) for TEM analysis: (a) the region in
SMO getter for FIB-slicing, (b) SEM image of the getter inlet covered with nanorods, (c) SEM
image of the trench-milled surface, and (d) SEM image of the prepared specimen.

Figure 9.23. Phase diagram for Mn2O3–Cr2O3 system (ss: solid solution; Tetr.: tetragonal; L:
liquid). Modified in part with permission from Ref. [40].
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It is noted that Cr compounds were not detected by TEM-FFT analysis although the
element Cr resides in the Mn-enriched core. The structure of porous core was identified as
nanocrystalline manganese oxides from halo rings and spots in the selected area electron
diffraction (SAED) pattern (Figure 9.21d: bottom left), where Mn2O3 (space group R-3:H) is the
most dominant phase among Mn oxides based on the FFT pattern (Figure 9.21d: bottom right) and
the phase diagram [65,66]. It is considered that the Mn2O3 phase can accommodate Cr atoms as a
form of (Mn,Cr)2O3 solid solution because of the very similar size of Cr and Mn (VICr3+ and VIMn3+
radii are 0.615 Å and 0.580–0.645 Å, respectively) [67], which is also supported by the phase
diagram [68] (displayed in Figure 9.23).
The dominant product of the capturing reaction was investigated from the thermodynamic
point of view. As discussed above, the interaction of the S and Cr contaminants with the SMO
getter leads to the formation of SrSO4, SrCrO4, and Mn2O3, as per the reaction: 2SrMnO3 +
CrO2(OH)2 (g) + SO2 (g) = SrCrO4 + SrSO4 + Mn2O3 + H2O (g). In the early stages of the getter
operation, both SrSO4 and SrCrO4 phases form and coexist. Once Cr and S are saturated, however,
phase transformation occurs depending on temperature and partial pressures of CrO2(OH)2 (g) and
SO2 (g). A phase stability diagram was developed as functions of the partial pressures of CrO2(OH)2
(g)

and SO2 (g) at 500–900 °C using the database in HSC chemistry 6 (see Figure 9.24). The major

reaction associated with the phase transformation under the operating conditions are found as
follows:
SrCrO4 + SO2 (g) = SrSO4 + ½Cr2O3 + ¼O2 (g)
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Figure 9.24. Co-stability and compound formation on SrO in the presence of SO2 (g) and CrO2(OH)2
(g)

at (a) 500 °C, (b) 600 °C, (c) 700 °C, (d) 800 °C, and (e) 900 °C. Reactions considered are as

follows: SrO + CrO2(OH)2 (g) = SrCrO4 + H2O (g) (Eq. 1); SrO + SO2 (g) + ½O2 (g) = SrSO4 (Eq. 2);
SrCrO4 + SO2 (g) = SrSO4 + ½Cr2O3 + ¼O2 (g) (Eq. 3); and 2SrSO4 + 2CrO2(OH)2 (g) = 2SrCrO4 +
2SO2 (g) + O2 (g) + 2H2O (g) (Eq. 4). The red spot is the partial pressures of SO2 (g) and CrO2(OH)2
(g)

in SOFC operating conditions.
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Figure 9.25. Phase diagram as functions of the partial pressure of SO2 (g) and temperature for the
reaction between SrCrO4 and SO2 (g).

The corresponding phase diagram as functions of temperature and partial pressure of SO2
(g)

is illustrated in Figure 9.25. It appears that, below 704 °C, SrCrO4 is not very stable and is likely

to react with SO2 (g) (75 ppb) in ambient air, forming SrSO4 in the end; simultaneously, segregated
Cr can migrate to the Mn2O3 pocket. This thermodynamic prediction is consistent with the
experimental results (Figure 9.21).
Furthermore, the Mn 2p core-level XPS spectra of SrMnO3 helps give a better
understanding of the absorption mechanism. As shown in Figure 9.19b, the peak for Mn 2p3/2
(637–643 cm-1) shifts to lower binding energies with increasing depth, indicating the chemical
state change of Mn ions from 4+ valance to +4/+3 mixed valance (i.e., from ideal SrMnO3 to
oxygen-deficient SrMnO3-δ). Correspondingly, the oxygen concentration decreases over depth
(Figure 9.19a). Additionally, the Raman spectrum of the SrMnO3 pellet in Figure 9.19f shows the
signals for E1g and A1g modes (434 and 634 cm-1, respectively)[69] of Mn2O9 moiety (= two of
MnO6 octahedra), confirming the existence of Mn2O9 dimers, as well as Sr, on the SMO surface.
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According to the literature regarding the catalytic activity of SMO, the surface presenting Mn2O9
tends to adsorb O2 in air, and the resulting Mn-superoxo species play an important role as a catalyst
in oxidation and dehydrogenation [70]. It is thus suggested that the Mn2O9 dimers on the surface
have also functioned to facilitate the capturing of gaseous contaminants, especially for SO2 as per
the reaction:
Sr surface + O2 adsorbed + SO2 (g) → SrSO4 absorbed (as illustrated in Figure 9.26b).
The capturing process is summarized in Figure 9.26. Under the flow of gaseous S and Cr
species, the Sr-terminated surface absorbs Cr vapor and SO2 gas while the Mn2O9 dimers on the
surface, along with Sr, assist the absorption reaction (Figures 9.26b and 9.26c). The reaction of
SMO with the absorbed S and Cr species results in the formation of SrSO4 and SrCrO4,
respectively. The continued absorption occurs, accompanied by Sr diffusion toward the external
surface, thus, leading to the vertical growth of SrSO4 and SrCrO4, and leaving voids and Mnoxides at the core (where segregated Cr can reside).
The use of getter has demonstrated the successful capture of gaseous Cr and S contaminants
under SOFC operating conditions. The application of the getter, fabricated from low-priced
precursors via simple dip-coating process, provides a cost-effective solution to prevent the
electrode poisoning without the need to replace the state-of-the-art component materials, thus
making it suitable for large scale applications. For practical application, the modular design of the
getter is considered useful since it can be replaced and disposed after its predetermined life.
Modeling and simulation based on computational fluid dynamics (CFD) further help to design and
optimize getter architectures depending on the scale and operating conditions of the system for a
prolonged lifetime [47].
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Figure 9.26. Schematic representation of the S/Cr capturing mechanism of SMO getter: (a)
Capturing process accompanied by the vertical growth of reaction compounds and the formation
of the core-shell structure, and the proposed reaction mechanisms for the absorption of (b) SO2
and (c) CrO2(OH)2.

9.6. Conclusions
The SrMnO3 is proposed as a promising, robust getter material for absorbing gaseous S
and Cr contaminants in high-temperature electrochemical systems. The honeycomb getter covered
with SMO nanoparticles has been fabricated using dip coating. The getter’s ability to capture
contaminants has been demonstrated by electrochemical testing using EIS. Post-test
characterization of the getter revealed that the absorption of S and Cr contaminants leads to
elongation of granular SMO particles forming SrSO4 nanorods and SrCrO4 whiskers, leaving Mn
oxides underneath in which inward-migrating Cr can reside. The vertical growth of reaction
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products during the capturing process favors continued absorption of incoming S and Cr
contaminants. The Mn2O9 dimers existing on the surface also contribute to absorbing S and Cr
impurities, along with Sr-terminated surface. SMO shows excellent thermal and hydrolytic
stability with no phase transformation and hydrolysis during exposure to high-temperatures and
humid environments, fulfilling the requirement for the operation in high-temperature
electrochemical systems. The SMO-based getter, therefore, has potential applications in other
high-temperature catalysts and technologies, such as selective catalytic reduction (SCR) of NOx
and autothermal reforming (ATR).
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CHAPTER 10: SUMMARY AND CONCLUSIONS
Solid oxide fuel cells (SOFCs), operating at high temperatures, have been recognized as
promising candidates for next-generation power sources as they offer high energy-conversion
efficiency (not limited by the Carnot cycle in CHP systems), fuel flexibility (from hydrogen and
ammonia to practical hydrocarbon fuels), scalability (ranging from kilowatts to megawatts
depending upon the stack design), and low pollutant emissions (near-zero emissions of NOx, SOx,
particulate matter, and volatile organic compounds) along with the ability to capture CO2. These
many advantages allow for diverse applications including in transportation. The energy conversion
efficiency of SOFCs can be maximized when combined with other power generating systems, such
as an SOFC and micro gas turbine system (SOFC−MGT) or a biogas-fed SOFC system in a
wastewater treatment plant. Despite the numerous merits, the commercialization and widespread
use of SOFCs have been delayed due to some remaining issues. One of the biggest challenges is
the long-term degradation of the air-electrodes, which are exposed to air flow at high temperatures
for the supply of oxygen. Traces of endogenous and exogenous airborne contaminants, including
Cr/B/Si vapors and SO2/CO2/H2O gases from air and SOFC components, have been considered
the major contributors to the electrode performance degradation.
In developing a comprehensive strategy to prevent electrode poisoning, it is of interest and
importance to elucidate how the gaseous contaminants interact with the electrodes under
electrochemical operating conditions. For the mitigation of electrode poisoning, a number of
methods have been developed focusing on the design of impurity-tolerant electrodes and
oxidation-resistant alloys; however, owing to the thermal expansion discrepancy and chemical
incompatibility between adjacent materials, such methods still have issues under high-temperature
operating conditions and remain to be validated by further studies. This study includes (i) the
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review of literature pertaining to electrode poisoning by airborne contaminants and the associated
mitigation strategies, (ii) the mechanism of Cr and S poisoning in various conditions, (iii) the
reversibility of S poisoning and recovery, (iv) the combined Cr and S effect on electrode poisoning,
(v) the introduction of a novel “getter” approach for capturing airborne impurities, (vi) the
evaluation of thermal and hydrolytic stability, and (vii) the 1D growth mechanism of alkaline earth
carbonate from hydrated alkaline earth compounds.
Cr vapors are regarded as the most detrimental species among the airborne impurities. The
Cr poisoning at low temperatures (550–650 °C) has been investigated on a well-established SOFC
cathode, La1-xSrxMnO3±δ (LSM), by electrochemical tests and STEM analysis. The
electrochemical performance of LSM rapidly degraded due to the increase in cathode polarization
resistance. In the presence of Cr vapors, the cathode polarization resistance of LSM increased
rapidly at low temperatures because of the preferential accumulation of Cr vapors at the LSM/YSZ
interface. The deposition is attributed to the electrochemical reduction reaction of gaseous Cr
species at the triple phase boundary (TPB; air/electrode/electrolyte) owing to the chemical stability
of LSM and the high concentration of oxygen vacancies at the TPBs by the following reaction:
2CrO2(OH)2 (g) + 6e– electrode → Cr2O3 (s) + 2H2O (g) + 3O2– electrolyte. The subsequent reaction between
chromia and LSM leads to the formation of (Mn,Cr)3O4. This Cr compound formation at the TPBs
reduces the area of active sites for the oxygen reduction reaction and blocks the path of oxygen
ion transfer, thereby increasing the cathode polarization resistance. As such, the degradation
mechanism by Cr poisoning at low temperatures is identical to those at high temperatures (over
700 °C), corresponding to the fact that the partial pressure of Cr vapors is less affected by
temperature but more by humidity.
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The reversibility of S poisoning and recovery of the state-of-the-art SOFC cathodes, LSCF
and LSM, was studied. In the presence of SO2 (4 ppm), the electrochemical performance of both
LSM- and LSCF-based cells decayed with the increase in both ohmic and non-ohmic losses, owing
to the physical and chemical absorption of SO2 on the LSCF and LSM electrodes. For LSCF, the
SrO segregated on the LSCF surface tends to absorb and react with SO2, forming SrSO4 followed
by the exsolution of Co/Fe. For LSM, SO2 is physically and chemically absorbed onto Sr-rich areas
of LSM, including the active reaction sites near the TPBs, leading to Sr exsolution, SrSO 4
precipitation, and Sr-deficient LSM formation. After the subsequent exposure to SO2-free air, the
performance of the S-contaminated LSM was nearly recovered close to normal, whereas that of
the S-contaminated LSCF was rarely recovered. Correspondingly, the LSCF particles had a
modified morphology covered with numerous nanoparticles, mostly SrSO4, showing the
irreversible aspect of the S poisoning. The morphology modification was not concentrated near
the cathode/electrolyte interface but over the entire cathode, indicating that the degree of recovery
from S poisoning is closely related to the chemical activity of Sr in the cathode materials rather
than to the electrochemical reaction. On the other hand, the surface of the LSM particles exposed
to the alternating atmosphere of SO2 present/absent air during the electrochemical test became
clean in SO2 free atmosphere, indicating the reversible recovery of the structural change. This was
due to the decomposition of the SrSO4 precipitates on the surface and the dissolution of Sr back
into the LSM under the S-free air flow. It is proposed that, for Sr-containing perovskite airelectrodes, the chemical activity of Sr is a major factor that determines the structural stability and
the reversibility of the recovery from S poisoning.
Under real SOFC operating conditions where the Cr and S species coexist, their effects
may compete with each other. The combined Cr and S effect on the electrode poisoning behavior
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was investigated on LSM and LSCF electrodes. STEM analyses revealed that the combined Cr
and S poisoning behavior of LSCF remains different from those of the individual Cr and S
poisonings, while the combined poisoning mechanism of LSM is equivalent to the sum of those
of the individual Cr and S effects. For LSM, SrSO4 is distributed in Sr-rich regions of LSM, while
Cr-oxides are located near the LSM/electrolyte interface, indicating the absorption of SO2 at the
Sr-terminated LSM surfaces and the deposition of Cr species at the electrochemically active sites,
respectively. For the LSCF electrode, S is present on the LSCF particles due to the reaction of SrO
with SO2, forming SrSO4 on each particle surface and accompanied by morphological changes.
The Cr species [e.g., CrO2(OH)2 (g)] are deposited mainly at the LSCF/GDC interface rather than
forming SrCrO4 on the LSCF surfaces (as in the case of Cr-only poisoning), indicating the
electrochemical reduction of Cr vapors. Thermodynamic analysis demonstrates that the SrO on the
LSCF surfaces absorbs SO2 (g) and thereby loses the Cr-gettering effect, allowing Cr vapors to flow
through LSCF without reacting and to reach the LSCF/GDC interface where the Cr deposition
occurs.
As a cost-effective strategy to mitigate electrode poisoning, impurity absorbents, or getters,
which capture the airborne contaminants before they reach the electrode, have been considered.
As a case study, a Sr-rich compound, strontium nickel oxide (Sr9Ni7O21), has been adopted to
capture Cr vapors. In the presence of the getter, the electrochemical performance of the LSM
electrode in the flow of Cr vapors remained stable for 100 h, validating the efficacy of the getter.
Post-test characterization found Cr-enrichment (with SrCrO4) in the inlet side of the getter,
validating the Cr capture ability of the Sr-rich absorbent. To be employed in SOFC systems, the
getter must be stable under high-temperature and humid conditions. Unfortunately, Sr9Ni7O21 was
found to have limited stability at high temperatures. Above 950 oC, Sr9Ni7O21 separates into NiO
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and SrO. Also, in a humid environment, Sr9Ni7O21 tends to absorb water molecules to form the
voluminous Sr(OH)2·8H2O phase leaving Sr-deficient phases, such as SrNiO3 per the following
reaction: Sr9Ni7O21 + nH2O → 7SrNiO3 + 2Sr(OH)2·8H2O. The Sr segregation is attributed to not
only the hygroscopic nature of Sr but also the compressive stress and 1D arrangement of Sr ions
in the structure. Sr ions in Sr9Ni7O21 are intrinsically under high compressive stress along the aand b-axes by being intercalated between 1D NiO6 chains along the c-axis. To improve the
resistance to moisture attack, the Sr9Ni7O21 surface can be modified with a SrCO3 layer by CO2
treatment, where SrCO3 is assumed to have the Cr-capture capability. With the passivation layer,
the structural changes associated with H2O absorption and the Sr segregation could be restrained.
The Sr(OH)2·8H2O, segregated from the Sr-rich compound (Sr9Ni7O21), subsequently
converts to SrCO3 in ambient air, which has a nanorod morphology. The underlying mechanism
of the SrCO3 nanorod growth in the presence of moisture at room temperature was studied. It was
found that trace water serves an important role in forming and structuring vertically oriented
strontianite nanorod arrays on Sr compounds. The structural evolution from hydrated Sr to
strontianite nanorods was observed by in situ Raman spectroscopy, demonstrating the epitaxial
growth by the vapor-liquid-solid mechanism. Water molecules cause not only the exsolution of Sr
liquid droplets on the surface but also the uptake of airborne CO2 followed by its ionization to
CO32-. The existence of the intermediate SrHO+–OCO22- phase indicates the interaction of CO32with SrOH+ in the Sr(OH)x(H2O)y cluster to orient the strontianite crystals. X-ray diffraction
simulation and transmission electron microscopy identify the preferred orientation plane of the 1D
nanostructures as the (002) plane (i.e., growth along the c-axis). The anisotropic growth habit is
affected by the kinetics of carbonation.
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The use of getter composed of alkaline earth and transition metal oxides has been proposed
as a cost-effective strategy to mitigate electrode poisoning. However, owing to the harsh operating
conditions (i.e., exposure to heat and moisture), the long-term durability of getter materials remains
a considerable challenge. SrMnO3 (SMO) is suggested as a robust getter material for co-capturing
gaseous S and Cr species in high-temperature electrochemical systems. The honeycomb getter
covered with SMO nanoparticles was fabricated using dip coating. The SMO getter successfully
maintained the electrochemical activity of LSM under the flow of gaseous Cr and S species,
validating the efficacy of the getter for co-capturing traces of Cr and S contaminants. Post-test
characterization revealed that the absorption of S and Cr contaminants led to the elongation of
granular SMO particles, forming SrSO4 nanorods and SrCrO4 whiskers and leaving Mn oxides
underneath where inward-migrating Cr can reside, indicating the high mutual affinity of Sr and
Cr/S. The vertical growth of reaction products during the capturing process favors continued
absorption of incoming S and Cr contaminants. The Mn2O9 dimers existing on the surface are
considered to help absorb S and Cr impurities, along with the Sr-terminated surface. The SMO
getter also displays robust stability at high temperatures and in humid environments without phase
transformation or hydrolysis, fulfilling the requirement for operation in high-temperature
electrochemical systems. These results demonstrate the feasibility of using the SMO getter under
operating conditions representative of those of high-temperature electrochemical systems.
Any single method cannot completely guarantee the long-term stability of air-electrodes
against many kinds of airborne impurities due to their inherent drawbacks. Applying various
methods — e.g., the development of low-temperature electrodes and electrolytes, impurity-tolerant
electrodes, oxidation-resistant alloys, and boron-free glass-ceramic sealants — all together will
enable us to protect the air-electrodes from the airborne contaminants. In this dissertation, a novel
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approach of mitigating the electrode poisoning with the use of getters for air quality control was
introduced. The successful application of the getter in miniature SOFC systems shows great
potential for the mitigation of electrode poisoning. With further development, such absorbents
would be applicable to internal SOFC systems for thorough and efficient air quality control. The
methodology used in this study paves the way to design and develop robust getter materials for
other high-temperature catalysts and technologies, including selective catalytic reduction (SCR)
of NOx and autothermal reforming (ATR).
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